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PREFACE 



This book is an attempt to share some of the fascinating and exciting ideas 
of modern theoretical physics with a non-mathematical audience. I also 
hope to give some appreciation of the exceptionally creative people who 
have generated these ideas. I had no intention of writing a comprehen- 
sive history of these ideas, however; I apologize to those physicists whose 
important contributions I may have omitted. 

Several people have contributed directly to the writing of this book, and 
I would like to take this chance to thank them. Clive Horwood of Praxis 
Publishing and Paul Farrell of Copernicus Books have both been supportive 
of the project. Anna Painter has been an exceptionally thorough editor and 
has provided invaluable advice. Dr John Mason and Lyman Lyons both 
offered constructive criticism of an early draft. The errors that remain — 
and errors and misinterpretations are inevitable in any attempt to explain 
the subtle ideas of theoretical physics without the aid of mathematics — are 
my sole responsibility. 

I would like to thank Ron, Ronnie, Peter, Jackie, Emily, and Abigail 
for their support. And, most importantly, I would like to thank Heike and 
Jessica for their patience. 



Stephen Webb 

Milton Keynes, April 2004 
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The realities of the world affected me as visions, and as visions only, 
while the wild ideas of the land of dreams became, in turn, 
not the material of my every-day existence, 
but in very deed that existence utterly and solely in itself 
Edgar Allan Poe, Berenice 

T his book is about some really wild ideas and why a group of sober, 
professional, extremely intelligent people think there is a chance of 
these ideas being true. 

The ideas have their roots in particle physics — the search for simplicity, 
order, and the ultimate building blocks from which the Universe is made. 
The search has led physicists to ever-higher energies and ever-smaller dis- 
tances. It has led them to consider conditions that occurred in the first few 
moments after the Big Bang. So the quest to discover what our Universe is 
made of may also tell us how our Universe started and what its fate might 
be. There is thus a pleasing mix of simplicity and profundity in these ideas. 

The ideas are more imaginative and more outrageous than anything to 
be found in the pages of modern novels. In the words of the wonderful 
writer Bill Bryson, they sound “worryingly like the sort of thoughts that 
would make you edge away if conveyed to you by a stranger on a park 
bench.” The ideas are also more beautiful than what most people would 
associate with a subject like physics. A prime driver of developments in 
particle physics is the uncovering of symmetry, or beauty, in the equations. 
Furthermore, the way in which theoretical physics is now performed — 
with scholars from around the world contributing to the subject via the 
internet — has been likened to an intricate and beautiful jazz improvisation. 
These ideas — imaginative, profound, and beautiful as they are — should 
be viewed on a par with the contributions that art, music, and literature 
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make to our society. But there is a crucial difference. We will soon be able to 
test some of these amazing contributions in experiments. In a few years we may 
know whether these ideas are correct as well as imaginative. It is certain 
that many of them will turn out to be wrong — that is the usual fate of 
speculative ideas in science. But if we find evidence for just some of them, 
our view of the world we inhabit will change forever. 

In the final chapter of the book we look at some forthcoming exper- 
iments that will search for hidden dimensions, branes, and colliding uni- 
verses. In the absence of such tests to date, however, theoretical physicists 
have been forced to use a different type of experiment — the gedanken ex- 
periment — which shall feature heavily in our discussions. So let s begin 
by defining “gedanken.” 



Gedanken Physics 

Thinking physics is gedanken physics. 

Lewis C. Epstein 

Gedanken, or thought, experiments are tests of hypotheses that take place 
in the imagination rather than the laboratory. They are invaluable in cases 
where it would be impractical or unethical to perform a “real” experiment. 
Gedanken experiments are discussed in various fields of science. In cogni- 
tive science, for example, philosophers debate the zombie question: What 
would the world be like if normal human beings were replaced by zombies 
— beings that look and behave like the people we know and love, but who 
lack conscious experience and for whom all is “dark” inside? An examina- 
tion of this question may give us clues about the nature of consciousness. 
In quantum mechanics, physicists study the plight of Schrodinger s cat — 
an unfortunate creature which, through the quantum phenomenon of the 
superposition of states, seems as if it must be at once both dead and alive. 
Understanding the fate of the cat may help us understand how the haze of 
quantum possibilities switches to a definite state that we can observe. Of all 
scientists it is perhaps theoretical physicists who are fondest of conducting 
gedanken experiments, and without doubt it was Albert Einstein who was 
the greatest exponent of the gedanken experiment. 

As a young man, Einstein asked himself what a light wave would look 
like if he could travel alongside it at the speed of light. He could not 
perform the experiment directly, of course; instead, he had to rely on prin- 
ciples of symmetry, logic, and mathematical consistency. His arguments 
also had to be consistent with the rest of physics. After ten years of thought 
he arrived at an answer. His chain of reasoning had led him to the theory 
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of special relativity, one of the cornerstones of modern physics. An even 
more profound result came about when Einstein analyzed the following 
gedanken experiment. Is there any way for an observer who is enclosed 
within a small, empty, opaque box to tell for certain whether the force she 
feels is due to gravity, or to an acceleration? His analysis of this question led 
him directly to the theory of general relativity, perhaps the most beautiful 
of all theories in modern physics. 

By developing and refining ever-more intricate gedanken experiments, 
theoretical physicists have created fundamental theories that are astonish- 
ingly wide-ranging and successful. In fact, these theories are so wide- 
ranging that some writers have argued that physicists may be on the verge 
of writing down a “theory of everything.” I will not use the phrase “theory 
of everything” in this book, since it seems to me to be an incorrect term: 
whatever turns out to be the ultimate, unified theory of particle physics, it 
will probably not be useful in explaining, say, the phenomenon of human 
consciousness. But I will often use the terms “fundamental theory” and 
“fundamental physics.” These terms have a particular meaning, and it is 
worth examining the meaning in a little detail. 

Steven Weinberg, a Nobel laureate, wrote a beautiful essay entitled “On a 
piece of chalk” (the title was taken from a famous lecture of the same name 
given by Thomas Huxley in the 1860s). In his essay, Weinberg points out 
that, whenever we ask “why?” questions in science, we seek an answer in 
the simplest and most economic terms. We can keep on asking “why?” 
questions, and we end up with what might be called an arrow of expla- 
nation. For example: Why is chalk white? Well, we can give an answer in 
terms of the light absorbtion properties of chalk. Why does chalk have its 
particular light absorbtion properties? Well, the answer has to do with the states 
of the molecules from which chalk is made. If we keep on asking “why?” 
questions in this way, the arrow of explanation points to the ideas of par- 
ticle physics (and then to the frontier of unanswered questions in particle 
physics). The point is that, wherever we start from, we end up following an 
arrow of explanation that leads to the ideas of particle physics. (Richard 
Feynman, another Nobel laureate, once pointed out something similar in 
a fascinating television interview. He asked the viewers to imagine some- 
thing along the lines of the following dialogue. “Aunt Nellie is in the 
hospital.” Why? “Well, she slipped on the ice and broke her leg.” Why did 
she slip? “Well, when you put ice under pressure, it melts. So momentarily 
Aunt Nellie was walking on a thin layer of water. Friction was reduced, 
so she slipped.” Why does ice melt when you put it under pressure? “That’s an 
interesting question! Most substances don’t do that. The explanation even- 
tually takes us into quantum mechanics.” Why did she fall down, not up? 
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“Now that’s a really deep question ” Eventually, if we keep on asking 

“why” questions, we are led to the ideas of particle physics and then to the 
unanswered questions in particle physics.) 

Every separate arrow of explanation points to a common source. Wher- 
ever we start, if we keep on asking “why” questions we will eventually end 
up discussing the basic building blocks of the Universe and the ways in 
which those building blocks can interact. It is in this sense that particle 
physics is fundamental. This is not to say that particle physics is more im- 
portant, worthwhile, or interesting than, say, chemistry. But whereas we 
can hope to find an answer to a chemistry question in terms of funda- 
mental physics, we would not expect to find an answer to a fundamental 
physics question in terms of chemistry. For example, “Why do we observe 
regularities in the periodic table of elements?” is a question that might 
be answered by physics. But the answer to “Why is the expansion of the 
Universe accelerating?” will not be found in chemistry. 

Eventually, if we keep on asking “why” questions — and answering 
them with the aid of gedanken experiments — we might be led not to 
a “theory of everything,” but to a universally applicable unified theory of 
space, time, the fundamental constituents of matter, and the interactions 
between them. We would then understand our Universe at a much deeper 
level than we do at present. 

We will discuss various contemporary gedanken experiments later in this 
book. One of the most profound gedanken experiments, though, is over 
2000 years old. The experiment was proposed by a philosopher rather than 
a physicist (physics had not been invented), but Plato’s allegory of the cave 
can help us make sense of some of the most exciting physics ideas of the 
new millennium. 



The Allegory of the Cave 

To them, I said, the truth would be literally nothing but the shadows of the images. 

Plato, The Republic 

In one of his famous Dialogues , the great Greek philosopher Plato proposed 
the following gedanken experiment. 

Imagine a group of prisoners chained in a cave in such a way that they 
are unable to turn their heads. All they can see — all they have ever seen 
throughout their conscious life — is the wall of the cave. Behind the 
prisoners, their captors maintain a fire; between the fire and the prisoners 
is a stage along which puppeteers can walk. 

What do the prisoners see? 
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FIGURE 1 Plato's allegory of the cave. Prisoners are bound in such a way that they can see only the 
wall of a cave. A large fire causes shadows to be cast upon the cave wall. If a puppeteer holds up a shield , 
then a shadow of the shield is cast upon the wall. When the prisoners talk about a “ shield ” are they 
referring to the two-dimensional shadow, or to the real three-dimensional shield? 



On the wall of the cave they see shadows cast by their own bodies. They 
also see shadows cast by the bodies of the puppeteers. And they see the 
shadows cast by any objects that the puppeteers hold up. In short, the pris- 
oners are unable to see “real” objects; they only observe two-dimensional 
shadows cast by objects that they cannot see. 

Since the prisoners could know nothing about the real causes of the 
shadows, they would think that the shadows were real. Plato argued that, 
under these circumstances, the prisoners would inevitably mistake appear- 
ance for reality. The prisoners would believe that they inhabited a two- 
dimensional world. 

By carefully observing the shadows, any physicists among the prisoners 
might develop theories of how objects move and interact in their two- 
dimensional world. Such theories would necessarily be filled with incon- 
sistencies, and the prisoners might wonder if they could ever find a “final” 
theory that explained the observed behavior of their world. It would be 
almost impossible for them to conceive of the notion that there is an un- 
derlying three-dimensional reality. Even if some of them broke free of their 
chains, looked out of the cave and glimpsed the intrinsic beauty of the 
three-dimensional world, they would find it difficult to persuade their fel- 
low prisoners of the true nature of reality. Perhaps such people would be 
derided and mocked as madmen for having such wild ideas. 
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Although theoretical physics was not on Plato’s agenda, his allegory 
may be astonishingly close to the situation that physics now finds itself in. 
As physicists pursue the fundamental laws, the picture of reality they work 
with is increasingly removed from everyday observations. Our theories of 
physics seem to tell us that we are in the position of the chained prison- 
ers, bound to perceive only certain impressions when the world is actually 
much more interesting and beautiful than most of us imagine. Our theo- 
ries imply, for example, that there may be more spatial dimensions than the 
three we perceive and that some these dimensions may be very much larger 
than previously thought. Some physicists suggest that our Universe may 
be just one of a number of parallel universes — and our Universe might 
have formed when two other universes collided. There is even a hint from 
modern physics that Plato’s allegory may literally be true: perhaps our ev- 
eryday reality can be represented completely by “shadows” on the walls of 
a higher-dimensional spacetime. 



Plato's Allegory 

In proposing the allegory of the cave Plato hoped to investigate some of 
the properties of his “realm of forms.” He believed the notion of forms 
would address one of the deep mysteries of Greek philosophy: the question 
of change in the physical world. If, as fellow philosopher Heraclitus main- 
tained, there is nothing certain except the fact that things change, then how 
can we know anything? How can we even discuss anything? How can we 
talk about dogs, for example, when dogs vary wildly amongst themselves 
and any individual dog — from the moment of its birth to the moment of 
its death — undergoes ceaseless change? Plato’s answer to this conundrum 
appeared in one of the most influential books in Western philosophy. In 
The Republic , Plato argued that the intelligible world consists of the eternal 
forms of things. The form of a dog, for example, is abstract, unchanging, 
and applies to all dogs — and would continue to apply even if every dog 
in the world were to die. The intelligible world arises from human reason 
alone and is the world of reality. Humans live in the visible world — a world 
of change and uncertainty. However, the visible world is merely an imper- 
fect manifestation of the perfect realm of forms. When we point at a dog 
and say “dog,” we make sense only if we are referring to “dogness” — the 
form of a dog. It is this notion of form that Plato hoped to illuminate with 
his allegory of the cave. He of course had no inkling of the principles of 
modern physics — and the resemblance between his allegory and modern 
thinking on the nature of spacetime is purely coincidental. 
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These ideas are so far removed from our everyday experience that many 
people feel viscerally that the physicists must be wrong. But perhaps the 
physicists are the ones who have managed to look out of the cave, and the 
rest of us are prisoners condemned to look at shadows. Certainly we should 
not deride physicists for investigating these ideas, mock them as mad, or 
even edge away if one of them happens to sit beside us on a park bench. 
The purpose of this book is to try to make sense of these suggestions — to 
examine some of the wild ideas of modern physics. 



The Search for Symmetry 

There is only one good, namely knowledge, 
and only one evil, namely ignorance. 

Socrates 

One of the difficulties we face when trying to understand the new picture 
of reality emerging from theoretical physicists (apart from the fiendishly 
difficult mathematics involved) is this: There is absolutely no experimental 
evidence for it. We have to rely upon gedanken experiments instead. 

Physicists, in fact, are in an awkward situation. On the one hand, as 
we shall discuss in Chapter 2, they possess the two most successful theories 
in modern science. On a microscopic scale, the study of the fundamental 
constituents of matter and the interactions between them has led to the 
development of the so-called Standard Model of particle physics. (The 
Standard Model is discussed in detail in Chapters 3 and 4.) In principle, 
it provides a microscopic basis for all known physical phenomena (except, 
importantly, gravity). On a macroscopic scale, our best theory of gravity — 
general relativity — provides an explanation for phenomena ranging from 
pulse timings in the Global Positioning System through to the formation of 
the largest structures in the observable Universe. The success of these two 
theoretical edifices are the high points of twentieth century science. 

On the other hand, there are good reasons for believing these theories 
are incomplete. The most important problem they face is that they are 
incompatible. At a fundamental level, general relativity and the Standard 
Model are in conflict. If we want a theory that unifies gravity with particle 
physics in a single, harmonious conceptual framework then we need some 
radically new ideas. For four hundred years, though, physics has been led 
by experiment. Where do we get new ideas, and how can we test their 
validity, if the outcomes of experiments are no longer guiding us? What 
are we to make of proposals that have no firm experimental justification? 

The answer to such questions may lie in our very desire to possess a 
unified theory. We want a single conceptual framework to explain obser- 
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vations of physical phenomena because such a framework would be simpler, 
more beautiful, more symmetrical than a collection of mutually incompati- 
ble theories — even if both approaches explain the same of observations. 
We seek simplicity, beauty, symmetry in science just as much as we do in the 
arts. Indeed, symmetry is one of the oldest and most important unifying 
concepts in science. If experiment alone no longer shapes our theories, 
then perhaps aesthetics can help guide us. The search for new theories may 
become the search for new symmetries. The Greek philosophers, who 
sought symmetry in all its guises, would have appreciated this approach. 

The search for symmetry has historically paid large dividends. Einstein 
was profoundly influenced by symmetry when he formulated his theories 
of relativity. Following his lead, theorists have looked wherever possible 
for symmetry in their theories, an approach which, when combined with 
results from a myriad of experiments, helped them develop the Standard 
Model. Interestingly, the same considerations of symmetry highlight the 
flaws in the Standard Model. Chapter 5 explains how we can alleviate 
the problems in the Standard Model by incorporating new symmetries — 
symmetries that have not yet been observed in nature. 

If we make further leaps of faith — if, in addition to assuming new 
symmetries we also assume that there are other dimensions of space (see 
Chapter 6) and that the fundamental building blocks of nature are not the 
familiar point-like structures of particle physics (see Chapter 7) — well, 
then we can make progress toward a unified theory. The price we pay for 
such progress is a theory that is far removed from our everyday experience: 
a framework in which the fundamental objects are “branes” existing in a 
higher-dimensional spacetime and in which the inhabitants of one universe 
can be unaware that another universe exists within a millimeter of their 
own. These ideas are discussed in the Chapters 8-10. 

This book, then, attempts to make sense of some of the wild ideas of 
modern physics by explaining the steps physicists have been forced to tread 
— forced by the demands of symmetry, though, rather than experiment. 
Ultimately, of course, we must get experiments to tell us if these ideas are 
merely a story, as much a tale as the allegory of the cave. Isaac Newton, 
the man who more than anyone else laid the foundations of physics, knew 
the importance of experiment. When told by a friend of observations that 
contradicted the Newtonian system (incorrect observations, as it turned 
out), he replied: “It may be so. There is no arguing against facts and 
experiment.” The exciting possibility is that these wild ideas may soon 
be tested in our labs. In the next few years, experiments currently being 
planned may tell us whether we inhabit a Universe more strange and exotic 
than the one we observe — and that is the subject of the final chapter. 

We begin the journey by looking at the crucial concept of symmetry. 



8 








M IT GUT 



Beauty is our weapon against nature; by it we make objects, giving them limit, symmetry, 
proportion. Beauty halts and freezes the melting flux of nature. 

Camille Paglia, Sexual Personae 

A polyhedron is the formal name for a solid bounded by plane poly- 
gons. This definition may seem rather abstract, but polyhedra are 
simple objects. They appear everywhere in our man-made, artifi- 
cial world. An everyday example of a polyhedron is a breakfast cereal box: 
each face of the box is a rectangle (plane polygons with four edges), and 
the rectangles are joined together at the edges of the box so that it is closed. 
It is not difficult to see that we can construct a limitless number of different 
polyhedra. The regular polyhedra, though, are different. 

A regular polyhedron has faces that are identical regular polygons — 
polygons with equal sides and equal angles, like the equilateral triangle and 
the square. A regular polyhedron is special because it possesses a high level 
of symmetry: it looks the same each time you turn it to present a new face. 
Contrast this with a breakfast cereal box, which presents different views as 
you turn it. (There is the large main face with the Krispy Chocco Korn name 
and logo on it, the smaller side face with the listing of ingredients, and the 
smallest top face that opens the box). The box thus lacks the symmetry of 
a regular polyhedron. 
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Remarkably, there are only five regular polyhedra: the tetrahedron, 
cube, octahedron, dodecahedron, and icosahedron (see Figure 2). No other 
regular polyhedra can exist. (The interior angles of the polygons meeting 
at a vertex of a polyhedron must add up to less than 360°. Only five regular 
polyhedra can satisfy this restriction.) This fact has long been known; in his 
book Timaeus (c. 350 BC), Plato described the five regular polyhedra, and 
in his honor these symmetrical objects are now called Platonic solids. 




FIGURE 2 The five Platonic solids. From left to right: the tetrahedron (four equilateral triangles as 
faces), the cube (six squares), the octahedron (eight equilateral triangles), the dodecahedron (12 pentagons), 
and the icosahedron (20 equilateral triangles). In 2003, the mathematician Jeffrey Weeks singled out 
the dodecahedron as being worthy of special mention: his analysis of fluctuations in the cosmic microwave 
background provided intriguing hints that our Universe is in the shape of a dodecahedron. 



One might well wonder why the Greeks bothered to study abstract 
constructs like the Platonic solids. The reason is simple: the Greeks were 
preoccupied with symmetry. They looked for symmetry in all areas of 
human endeavor, not just mathematics. They considered symmetry to be 
a unifying concept. This preoccupation has continued to a large degree in 
modern science. Symmetry is an important concept in biology, chemistry, 
crystallography, mathematics, and other fields. As we shall soon see, it also 
plays a basic role in physics. But what, exactly, is symmetry? 

In everyday life, we have an intuitive notion of the meaning of symme- 
try: an object possesses symmetry if it appears to be the same object before 
and after we do something to it. For example, take a soccer ball, put your 
finger on the valve, and spin it: the ball looks the same while it rotates, and 
it looks the same from all directions. It possesses rotational symmetry. The 
cube — the second of the Platonic solids — also possesses rotational sym- 
metry, but less than that of a soccer ball: only if we rotate a cube through 
an integer multiple of 90° — turning it through 90° or 180° or 270°, and 
so on — does it look the same as before the rotation took place. 

The technical definition of symmetry is similar to our everyday under- 
standing of the concept. A system has a symmetry if one can transform 
it in some way so that, after the transformation, it appears unchanged. In 
other words, it shows invariance under transformation. That is the essence of 
symmetry. The simplicity of the definition is deceptive; the search for the- 
ories that possess symmetry leads us to a new understanding of the physical 
world. Before considering the role that symmetry plays in physics, however, 
we can learn a lot by looking at some basic aspects of symmetry. 
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Symmetry in Everyday Life 

Man is all symmetry, 
Full of proportions, one limb to another, 
And all to all the world besides. 
George Herbert, The Temple 

Consider the following transformation. Create a mirror image of a system 
by reflecting every point on one side of an axis into a point on the other 
side of the axis. If the system looks the same before and after this operation, 
then the system possesses reflection symmetry. This is perhaps the most 
recognizable of symmetries; it is what many people would point to if they 
had to give an example of symmetry. 

The human body is bilaterally symmetric: reverse left and right, and it 
is difficult to appreciate that a transformation has taken place. The sym- 
metry is not perfect, of course; the human heart is on the left, the liver on 
the right, and so the symmetry is broken. But to a good approximation 
our bodies possess reflection symmetry, and this symmetry is something to 
which all humans, regardless of culture, respond at a deep, almost visceral, 
level. For example, babies respond more positively to symmetrical shapes 
than to irregular ones; people generally regard a symmetrical face as more 
attractive than an asymmetrical face. (It is not clear whether our preference 
for symmetry has evolved because a symmetrical body indicates genetic fit- 
ness, or whether the human perceptual system processes symmetrical signals 
more efficiently than asymmetrical signals.) 



FIGURE 3 This is a composite image, derived 
from combining images of several women. Studies 
consistently show that people regard such composite 
images, with their high level of reflection symmetry, 
as possessing beauty. Men and women of all 
cultures tend to rate a composite face as being more 
attractive than any of the individual faces that 
make up the composite. 




11 




Chapter 1 



Invariance under reflection (such as the bilateral symmetry of the hu- 
man body) is rather different from invariance under rotation (such as the 
rotational symmetry of a soccer ball). The former is a discrete symmetry, 
the latter is a continuous symmetry A continuous symmetry holds under 
an arbitrarily small transformation. For example, you can rotate a sphere 
through any angle — no matter how small — and the rotational invariance 
holds. This is not the case with a discrete symmetry, which has a “unit 
of transformation.” For example, reflection in a mirror can be a symmetry 
transformation but one-third of a reflection is not. These two types of sym- 
metry — continuous and discrete — have different mathematical properties 
but, as we shall see, both types play an important role in physics. 



FIGURE 4 An Oriental 
rug like this may possess any 
one of a limitless number of 
motifs, but the repetition of 
the motif is constrained by 
symmetry. In fact, the 
repetition of a fundamental 
motif is subject to just four 
symmetry operations. The 
immensely skilled weavers 
repeat a motif by counting 
and then repeating a sequence 
of knots; they often 
deliberately break the 
symmetry — perhaps only 
slightly — in order to 
generate a design that is 
pleasant to the eye and 
intriguing to the mind. 

Artists in all fields have played with the ideas of symmetry either by in- 
voking symmetrical designs or by consciously breaking symmetrical motifs. 
Designs on Oriental rugs, for example, are often filled with various intri- 
cate symmetries. (There is usually a deliberate breaking of the symmetry, 
however. Variations add interest to an otherwise repetitive pattern.) 
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Symmetry is also a feature of patterned wallpaper. Patterns appear in 
wallpaper in such a way that, if you transform a piece of wallpaper by 
moving it a certain amount relative to its neighbors, the overall appearance 
is unchanged. Invariance under transformation: symmetry. 



Symmetry and Wallpaper 

You might think there is an infinite number of essentially different types 
of patterned wallpaper. You would be wrong. There are only 17 different 
types of wallpaper; all the patterned wallpapers you see in stores are merely 
variations on the 17 different themes. (This fact was first proved by Evgraf 
Fedorov, a crystallographer, in 1891. Fedorov was interested not in house 
decoration, but in the way in which repeating patterns can occur naturally 
in materials.) These wallpaper patterns were investigated in artistic fashion 
by the Moors of Spain. For theological reasons the Moors, who were strict 
Muslims, developed non-representational art forms to a high degree, many 
of which involved styles based upon geometrical forms. The Alhambra, a 
Spanish citadel which the Moors built in the thirteenth century, contains 
decorations that show all of the 17 different wallpaper patterns; Figure 5 
shows three of the patterns. 




FIGURE 5 In 1891, the Russian crystallographer Evgraf Fedorov proved that there were only 17 
fundamentally different types of pattern that could tile a plane. So there are only 17 fundamentally different 
types of patterned wallpaper. Here are three of them. 



Buildings often possess symmetry, irrespective of the decorations they con- 
tain. Throughout the ages, architects have used symmetries in their plans. 
Many holy buildings possess reflection symmetry, perhaps because some 
cultures equate symmetry with perfection and thus only a symmetrical 
building i$. fit for God to dwell in. Secular buildings are also often symmet- 
rical. Consider the Pentagon. It possesses rotational symmetry: if you could 
pick up the building and rotate it by 72° — one fifth of a full revolution 
— before placing it back on the ground, it would look the same as before 
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FIGURE 6 As in other art 
forms, symmetry is considered to 
be a unifying concept in 
architecture. Symmetry is 
particularly important in holy 
buildings; the Christian basilica 
— illustrated here by the Basilica 
of St. Francis in Assisi — 
always possesses bilateral 
symmetry. In these buildings, the 
axis of symmetry plays a 
symbolic role. 



the transformation. This fivefold rotational symmetry is much less than the 
infinite rotational symmetry of a sphere, but it still makes for an impressive 
and recognizable structure. Some modern architects employ symmetry by 
deliberately breaking it — the Guggenheim Museum in Bilbao is a spec- 
tacular example. 

Notions of symmetry — or deliberate breaking of symmetry — can be 
found in art of all types. Many of the paintings and woodcuts of the Dutch 
artist Maurits Escher, for example, depend upon the notions of symmetry; 
he often used the 17 wallpaper patterns to create playful effects. Some of 
Escher s work illustrates rather esoteric mathematical concepts; Figure 119 
on page 239, for example, illustrates a negatively curved geometry using 
some visually striking symmetries. 

Music is full of examples of symmetry — just think of Bach s Musical 
Offering. The rhyming and rhythm schemes of poems also often have an 
underlying symmetric structure. It is in nature, though, that we find some 
of the most beautiful examples of symmetry. In many ways the humble 
snowflake is the most striking. 
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FIGURE 1 The Pentagon (left) possesses a fivefold rotational symmetry. In the absence of any distin- 
guishing features on the five external walls, the building looks the same after a rotation through 72° . The 
Guggenheim Museum in Bilbao (right), on the other hand, has no obvious symmetries; we have so come 
to expect to see symmetry in buildings, that a structure like this can appear quite shocking. 



Snowflakes 

How full of creative genius is the air in which these are generated! 

I should hardly admire them more if real stars fell and lodged on my coat. 

Henry David Thoreau, Journal 

Snowflakes can be astoundingly intricate and spectacularly beautiful — and 
they all possess a simple sixfold rotational symmetry. How can a structure 
be so complex and yet be so simple? The answer to this question highlights 
a point that is of crucial importance for modern physics: the underlying 
laws of nature may possess simplicity and symmetry, but those laws can give 
rise to phenomena that are complex and difficult to understand. 

The basic reason why snowflakes possess sixfold rotational symmetry 
has to do with the molecular properties of water and the way in which the 
two hydrogen atoms attach to the hydrogen atoms in other water molecules 
when water freezes. The molecules stack together to form a regular crys- 
talline lattice, and the intramolecular forces involved ensure that the most 
stable configuration is hexagonal. The sixfold rotational symmetry of the 
underlying lattice means that all snowflakes have the same symmetry. There 
must be more to the story, however, since molecular forces act at the molec- 
ular scale, and a snowflake is many millions of times larger. How can such 
short-range forces generate symmetry on a large scale? The answer lies in 



15 





Chapter 1 



the way that an ice crystal can form certain smooth surfaces, called facets. 
The seed for an ice crystal — often a dust particle that has absorbed a few 
water molecules — will create an object with an irregular surface. These 
irregular surfaces have many “hooks” for water molecules that are floating 
about in the air, so such surfaces grow quickly into a plane. Facet planes, on 
the other hand, are much smoother on the molecular scale; they have fewer 
“hooks” with which to catch water molecules, and thus they grow much 
more slowly. The result is that the fast-growing rough surfaces quickly 
smooth out, leaving only slow-growing facet surfaces. Due to faceting, the 
seed quickly develops into a small hexagonal prism. 



FIGURE 8 A snowflake, with its 
familiar sixfold rotational symmetry. 
The symmetry arises because, upon 
freezing, intramolecular forces cause 
water molecules to form a hexagonal 
lattice. 

Even the small hexagonal prism of a new-born ice crystal is not the 
whole story. A small ice crystal looks rather like the head of a hexagonal 
bolt. How do we get from there to the intricate and enchanting structures 
with which we are familiar? Well, the corners of the crystal stick out into 
the surrounding air slightly more than the sides, and so the corners grow 
slightly faster and develop tiny tendrils. Since the atmospheric conditions 
are the same across the crystal (the crystal is tiny, after all — much smaller 
than the scale of changes in atmospheric conditions), the tendrils grow at 
the same rate, and the crystal maintains its sixfold symmetry. But atmo- 
spheric conditions can change; the temperature might decrease or increase, 
and winds might blow the crystal into regions of air with different tem- 
peratures. And, since the growth conditions are highly dependent upon 
atmospheric temperature, the crystal growth will vary wildly with time. It 
develops an intricate — and yet symmetric — shape. The result is beautiful 
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and unique: no two naturally formed snowflakes have the same shape, since 
no two snowflakes will have the same growth history. But all snowflakes 
possess the familiar sixfold rotational symmetry of the underlying hexagonal 
ice lattice. 

At high temperatures, the elements that constitute a snowflake pos- 
sess an even larger degree of symmetry: the water molecules whiz around 
equally in all three dimensions. The complex snowflake, with its lower de- 
gree of symmetry, freezes out of this simple set of initial conditions. What 
works for the snowflake may work for nature at large. As we shall see, the 
complex state of our present Universe may have frozen out of a much sim- 
pler state. Just as with the study of the snowflake, by studying the present 
symmetries we see in nature, we may be able to deduce the greater hidden 
symmetries of the Universe. 



Symmetry in Physics 

What immortal hand or eye , 
Could frame thy fearful symmetry? 

William Blake, The Tiger 

The symmetry of snowflakes is just one type of symmetry found in science. 
As we progress through the book, we shall discuss many — often much 
more subtle — symmetries found in physics. The search for different sym- 
metries has, indeed, been a driving force behind many recent theoretical 
developments. Before tackling the arcane symmetries of modern physics, 
however, it is worth looking at the central role that symmetry has played in 
well-established physics. A host of examples drawn from all branches of the 
subject could be given. The two examples I give here — Noethers theo- 
rem and the theory of special relativity — should be enough to demonstrate 
the power of symmetry in our quest to understand the Universe. 



Noether’s theorem 

Some symmetries are so obvious, so intuitive, that it scarcely seems worth 
discussing them. It turns out, though, that an understanding of these sym- 
metries helps us appreciate one of the most important pieces of knowledge 
we have about nature: Noethers theorem. 

Consider the following transformation of a physical object: move (or, 
to use the jargon, translate) it from one place to another. Such an operation 
is called a spatial translation , and it is about as simple as a transformation can 
be. A moments thought tells us that this is, in fact, an exact symmetry 
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transformation. Pick up a chair from your dining room, move it into your 
living room, and then try to think of any physical property of the chair 
that has changed because of the translation. The subatomic particles that 
constitute the chair do not change after it has been moved; the molecu- 
lar properties of the chair, which give rise to qualities such as color and 
strength and shape, do not alter after the translation. Therefore any equa- 
tion with which physicists might care to describe the chair — an equation 
for its load-bearing capacity, perhaps, its electrical resistance, or its light- 
absorption properties — must be invariant under translation in space. The 
same comments apply to any system and any spatial translation; the laws 
of physics look the same before and after a transformation that consists of 
moving an object in space. Invariance under transformation: that is the 
hallmark of symmetry. Nature s laws are symmetrical under spatial transla- 
tions. Our Universe did not have to be that way: we can imagine a universe 
with a crystalline structure, for example, in which the outcome of an ex- 
periment did depend upon the direction of translation. But our Universe is 
not like that. 

Here is another example of a transformation: a temporal translation — 
the translation of a physical object in time. (Such a transformation does not 
require the use of a time machine; it simply means that any measurement 
we make on a system can be made at different times — now, in the past, 
or in the future.) It turns out that the laws of physics are invariant under 
temporal translations. If you were to measure the electrical resistance of 
your dining room chair, for example, then you would observe the same 
result today as you observed yesterday and as you will observe tomorrow 
(assuming that all other conditions are the same, and that you have not, 
and will not, alter the chair in some way). Nature is thus symmetrical with 
respect to temporal as well as spatial translations. 

Yet another simple example is the symmetry of the laws of physics under 
rotations. For example, if your dining room chair is facing north and then 
you turn it so that it faces east, you will find that the properties of the chair 
remain the same. 

These three symmetries — invariance of the laws of physics under spa- 
tial translation, temporal translation, and rotation — are observational facts. 
One day, someone may observe a phenomenon that breaks one of these 
symmetries, but that day has yet to arrive. Physicists, astronomers and 
geologists have performed many experiments and recorded a myriad of ob- 
servations, and the symmetries have never been observed to be broken. 
Any equations that purport to describe the Universe must therefore be in- 
variant under these three simple transformations. Why, though, should this 
seemingly trivial fact be so important? 
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An invariance under trans- 
formation means that something 
is unchanged — or conserved — 
through the transformation. So 
it is not surprising that there is 
a connection between symmetry 
and the most basic, comprehen- 
sive, and powerful laws of physics 
that we possess: the conservation 
laws. In 1915, the German math- 
ematician Emmy Noether proved 
a famous theorem. For every 
continuous symmetry of the laws 
of physics there exists a conserva- 
tion law, and for every conserva- 
tion law there exists a continuous 
symmetry. This theorem is one of FIGURE 9 Amelie (Emmy) Noether 

the reasons why physicists search so assiduously for symmetries. 

Consider a collection of objects — perfectly elastic pool balls, perhaps 
— rattling around inside a closed, isolated container. We can translate the 
container and its contents through space, and the physics inside the con- 
tainer is unchanged. From Noethers theorem, the symmetry of physics 
under spatial translations implies that linear momentum is conserved. So 
whenever and however the pool balls inside the container interact, their 
total linear momentum before and after the interaction must be the same. 
This is the familiar law of conservation of linear momentum, which is 
demonstrated every day on pool tables around the world. Conversely, 
the myriad of experiments — from pool games to particle accelerators — 
that have demonstrated the accuracy of the conservation of linear momen- 
tum have also proved that space is symmetric under spatial transformations. 
Space is homogeneous. 

The symmetry of physics under temporal translations implies, via Noe- 
thers theorem, that energy is conserved. However the objects in a closed 
system interact their total energy before and after the interaction must be 
the same. This is the law of conservation of energy. And all those effects 
proving the accuracy of the conservation of energy — effects taking place 
every day in power stations, for example — also prove the laws of physics 
are the same now as they were in the past and as they will be in the future. 

Finally, the symmetry of physics under rotations implies, via Noether s 
theorem, that angular momentum is conserved. Whenever and however 
the objects in a closed system interact, their total angular momentum be- 
fore the interaction is always the same as their total angular momentum 
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afterward. This is the law of conservation of angular momentum. Again, 
arguing in reverse, all those observations that have confirmed the con- 
servation of angular momentum — observations ranging from the way ice 
skaters spin faster when they tuck their arms close in to their bodies through 
to the way neutron stars change their rotation rate following a starquake — 
have also demonstrated that space is symmetric under rotational transform- 
ations. Space is isotropic. 

We take the conservation laws for granted, but our familiarity with 
them should not blind us to the fact that they are remarkable and fun- 
damental pieces of knowledge about our Universe. And ultimately they 
derive from some simple symmetry principles. 

You might think we have ignored one of the great invariances of the 
Universe in the discussion above: the invariance of physics between an 
interchange of left and right. This is mirror symmetry. If you perform some 
experiment on your dining room chair, surely you get the same results if 
you perform the same experiment on a mirror image of the chair. 

The general term for the oddness or evenness of something is parity. 
In the case of a mirror transformation, the term is space parity. The space 
parity of an object characterizes how that object behaves when the coor- 
dinates that describe it are reversed. Until 1956, physicists assumed that 
physics must be unchanged under a space parity transformation: looking at 
an experiment in a mirror should not affect its outcome. Just as the homo- 
geneity of empty space leads to the conservation of linear momentum and 
the isotropy of empty space leads to the conservation of angular momen- 
tum, you might think that the reflection symmetry of empty space leads to 
the conservation of space parity. Not so! 

It turns out that space parity is not conserved; empty space does distin- 
guish between left and right. Certain fundamental particles are inherently 
left-handed in some interactions. They possess helicity in the same way 
that a left-handed screw has a particular thread direction. Upon reflection 
in a mirror, helicity is interchanged and a left-handed screw becomes a 
right-handed screw. So nature looks different when viewed in a mirror. 

When this fact was discovered in the late 1950s, it shocked many physi- 
cists. Nowadays, they take the fact for granted. Our fundamental theories 
of physics must give rise to certain processes that do not possess mirror 
symmetry. In the jargon of the field, nature is chiral. (The word “chiral” 
comes from the Greek word for hand; in other words, nature has an inher- 
ent handedness.) Wolfgang Pauli, one of the most brilliant physicists of the 
twentieth-century, put it best: “God is left-handed.” 

So finding the symmetries of a theory is important. Finding the sym- 
metries that a theory does not possess — or the ways in which the symmetry 
of a theory is broken — can be equally important. 
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Special relativity 

Einstein s theory of special relativity is grounded in notions of symmetry 
and invariance. (Einstein actually wanted to call it “invariance theory.”) An 
appreciation of the particular symmetry of special relativity gives us another 
fundamental piece of knowledge about our Universe. 

Einstein published his theory of 
special relativity in 1905. Before 
then, scientists used Galilean physics 
when they calculated quantities such as 
length and speed. For example, sup- 
pose you need to measure the length 
of your dining room chair. To do this 
you would associate a set of three co- 
ordinates with the bottom of the chair 
leg — one coordinate for each dim- 
ension of space. (As we shall argue 
in later chapters, there may be more 
spatial dimensions. But certainly we 
observe only three spatial dimensions, 
and back in the seventeenth century, 
Rene Descartes showed that we need 

figure 10 Albert Einstein three numbers — coordinates — to 

identify a point in three-dimensional 
space.) Then you would associate three more coordinates with the top of 
the backrest. Then you would calculate the distance between these points 
using a simple mathematical recipe that dates back to Pythagoras: the square 
of the distance between the two points is equal to the sum of the squares 
of the differences between each of the coordinates. In practice, of course, 
you would simply take a tape measure and read off the length — but doing 
that is equivalent to the long-winded procedure I have just described. 

Now suppose you ask your friend to measure the length of the same 
chair using the Pythagorean method outlined above, and to do so he turns 
the chair so that it lays flat on the ground. He would have a completely 
different coordinate system and would associate different sets of coordinates 
with the endpoints. But the equations of physics obey rotational symmetry, 
so the length of the chair must be the same under the two sets of measure- 
ments; your friend would find exactly the same answer for the square of 
the distance between the two points. In other words, this quantity — the 
square of the distance between two points — is invariant under rotations, 
although the individual coordinates change because of the rotation. You 
can even use this observation as a definition of rotational symmetry. 
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Notice there is no mention in the above procedure of when the mea- 
surements take place. In Galilean physics, space and time coordinates are 
quite separate; all inertial observers (observers who move freely and with no 
external forces acting on them) measure the same time. Time is universal. 

Einstein disagreed. He extended the concept of invariance under rota- 
tion to take account of time. He began by analyzing a thought experiment 
in which inertial observers are in relative motion and considered what such 
observers would measure. His deliberations led him to point out that our 
physical world consists of a network of events — phenomena that occur at 
an instant in time and at a point in space. When we do physics we observe 
and measure events. Events must be labeled with a set of four coordi- 
nates: three to specify the point in space and one to specify the instant in 
time. But the time coordinate is not independent of the space coordinate. Hermann 
Minkowski, Einstein s teacher, later concluded that space and time coor- 
dinates are so deeply entwined that we must talk about four-dimensional 
spacetime as a single entity. 

This viewpoint is at odds with our naive understanding of how the Uni- 
verse works. According to our mental models, we live in three-dimensional 
space, and time is something quite different from space. Our mental models 
are pragmatic: they evolved in the way they did because, in our environ- 
ment, it is entirely reasonable to take the duration of objects for granted. 
Objects generally change and move slowly, so time can be factored out. But 
our mental models are wrong. Einstein was right, as countless experiments 
have shown. We live not in space and time, but in spacetime. 

A point particle, as it moves through spacetime, traces out a line — its 
world line — which is the entire history of the particle. (Every particle in 
your body traces out a world line, and if some godlike observer could step 
outside spacetime it would see your whole life as a collection of particle 
world lines; they would converge at the moment of your birth, wriggle 
like a worm through spacetime, then go their separate ways when you die.) 
By considering the world lines of photons and how they connect events, 
Einstein was led to the notion of the spacetime interval. The spacetime in- 
terval between two events is analogous to the spatial distance between two 
points. All inertial observers measure the same value for the spacetime in- 
terval between two events. For example, consider the following events: 
a firecracker explodes at some point in space and another firecracker ex- 
plodes at a different point in space. Just as you and your friend measure 
the same length for your dining room chair even if your views of the chair 
are rotated, so will you measure the same spacetime interval between the 
two explosions even though you may be in constant relative motion. Any 
inertial observer, no matter how she is moving, would measure the same 
spacetime interval between the two explosions. 
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The transformation that changes an observer s velocity is called a boost. 
So Einstein was arguing that the spacetime interval is invariant under 
boosts. Invariance under transformation: there must be a symmetry in- 
volved. There is indeed a symmetry, now called Lorentz invariance after the 
Dutch physicist Hendrik Lorentz who first arrived at some of the key ideas 
of relativity. (Noether s theorem tells us that Lorentz invariance must have 
an associated conservation law. There is indeed a conserved quantity as- 
sociated with Lorentz invariance, but it has only technical significance and 
we will not consider it further.) 

Einstein argued that the fundamental laws of physics must possess the 
symmetry of Lorentz invariance. If they did not have this symmetry, differ- 
ent observers would measure different fundamental physics purely because 
they were in relative motion. It would be like different observers measuring 
different lengths for a chair simply because the chair had been rotated. 

So special relativity says that any equations purporting to describe the 
Universe must contain the symmetry of Lorentz invariance. This is a simple 
requirement, yet some seemingly bizarre phenomena emerge from it. Any 
good book on relativity will explain the details behind relativistic phenom- 
ena (several are given in the bibliography, and the reader is urged to consult 
them). What can be lost in many textbook treatments, however, is an ap- 
preciation that these phenomena emerge from the demands of symmetry. 

The formula for the spacetime interval is similar to the Pythagorean 
formula for the distance between two points. However, we measure dis- 
tance and time in different units. To treat them in a unified way, we must 
introduce a conversion factor between space and time; in other words, we 
must introduce a fixed speed. This fixed conversion factor, which is given 
the symbol c, is the speed of light. But c is much more important than the 
particular speed at which photons happen to travel. It is a basic physical 
constant, which calibrates the relationship between time and space. The 
fundamental point here is that there exists a speed such that the spacetime 
interval is invariant under rotations and boosts. 

The symmetry of Lorentz invariance is really all there is to special rel- 
ativity. This symmetry, however, gives rise to effects that are not usually 
observed in our low-speed world. For example, the spacetime interval be- 
tween events connected by a light signal is always zero. This means every 
observer measures the same result for the speed of light, regardless of how 
they are moving. If Galilean physics were correct, you could chase after a 
light beam at a speed 3c / 4 and you would observe the light beam to have a 
speed d 4; if you traveled at speed c alongside the beam the observed light 
speed would be zero; if you traveled faster than light you could overtake 
the beam. All of this is impossible according to special relativity, because all 
observers measure the same speed, c, for light. 
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Relativistic Addition of Velocities 



If all observers measure the same speed for light, it follows that the familiar 
rules for adding velocities must be wrong. For example, if a ray gun can 
shoot bullets that travel at 0.9c, and you fire it forward on a rocket moving 
through space at 0.9c, then the speed of the bullet to an Earthbound ob- 
server would not be 1.8c. Instead, it would, according to the rules of special 
relativity, be 0.9945c. This is an indication of one of the famous predictions 
of relativity: no material object can travel faster than the speed of light. 

Scientists before Einstein did not realize that a new formula was required 
for the relativistic addition of velocities, because the velocities they dealt 
with were so small compared to the speed of light. It was only in 1905, the 
year that Einstein pubhshed his theory, that an automobile first exceeded 
100 mph. But 100 mph is just 0.0005 percent of the speed of light — no 
wonder relativistic effects could be ignored! 



Before Einstein, the relationship between the coordinates measured by 
different inertial observers was given by a set of formulae known as the 
Galilean transformation. The Galilean transformation describes our every- 
day world of low speeds with great precision; it says that we all measure 
the same time, that the lengths we measure do not depend upon veloci- 
ties, and so on. It accords precisely with our everyday experience. But we 
know the Galilean transformation is incorrect, because it does not possess 
Lorentz invariance. The correct set of formulae that relate the coordinates 
measured by different inertial observers — the only simple formulae that 
preserve Lorentz invariance — is known as the Lorentz transformation. And 
the Lorentz transformation mixes up the time and space coordinates as Ein- 
stein told us it must. Inertial observers who travel at relative speeds that are 
close to the speed of light will disagree about the times measured by their 
clocks; this is the phenomenon of time dilation, which is often described by 
the phrase “moving clocks go slow.” Inertial observers in relative motion 
will also disagree about the lengths they measure; this is the phenomenon 
of length contraction. As we move faster our clocks tick slower and our rulers 
become shorter. (So an astronaut travelling in a spaceship at near-light 
speed relative to Earth would measure smaller lengths for objects than an 
Earthbound observer. The astronaut would also age more slowly. Upon re- 
turning home, he could find that his friends had grown old and died while 
he remained young.) 

Most quantities that physicists measure in their laboratories are mea- 
sured, ultimately, using clocks and rulers. But if clocks can slow down and 
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rulers can contract, it follows that we need to look again at laboratory- 
defined quantities that we might think of as constant. In particular, Ein- 
stein pointed out that energy is defined in terms of measurements involving 
timepieces and yardsticks. We thus need to consider our definition of en- 
ergy with care. For example, a bullet shot from a gun has a certain energy. 
Suppose we could build a “super-gun” that could shoot the bullet at speeds 
close to light speed; the symmetry of Lorentz invariance would cause us 
to measure different values for many of the bullets properties. Einstein 
showed that the measured mass of the bullet would increase as the bullet 
moved faster, and this increase in mass would come from an increase in 
the bullet s energy. Einstein was thus led to the most famous prediction of 
special relativity: the equivalence of mass and energy, through the equation 
E = me 2 . The equation says that we can convert energy into mass and vice 
versa. Because the factor c 2 is so large, a small speck of matter can produce 
a vast amount of energy, as was evidenced in the explosions of atom bombs. 
This was a stunning result. Previously, physicists had thought that energy 
and mass were separately conserved; now, there was the single law of the 
conservation of mass-energy. After Einstein, it was clear that matter could 
be created or destroyed — so long as there was a corresponding change in 
energy. Mass was just another form of energy — a very condensed form, 
to be sure, but energy nonetheless. 

Time and space, matter and energy are not the absolute, invariant quan- 
tities that everyday life tells us they are. They are very much observer- 
dependent quantities. They have to be, because that is the only way of 
ensuring that a deeper symmetry holds true: all inertial observers measure 
the same spacetime interval between events. The seemingly bizarre phe- 
nomena of special relativity occur because spacetime possesses symmetry 
— the symmetry of Lorentz invariance. 



Groups: The Mathematics of Symmetry 

Mathematics is the study of pure pattern, 
and everything in the cosmos is a kind of pattern. 

Rudy Rucker, Mind Tools 

The language of physics is mathematics. The particular dialect of mathe- 
matics that describes symmetry is called group theory. Symmetry is such an 
important concept that the terminology of group theory appears frequently 
in physics literature. Although this book is intended for a general audience 
and so contains very little mathematics, a brief description of some of the 
most common terms of group theory may be useful. 
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Symmetries o f a Snowflake 

We saw that snowflakes can exhibit almost infinite variety, but that their 
symmetry properties are limited: there are relatively few transforma- 

tions under which snowflakes are invariant. Indeed, if you represent the 
snowflake by a regular hexagon, then it is a straightforward matter to list 
the transformations that leave it unchanged. First, you can rotate a regu- 
lar hexagon through 0°, 60°, 120°, 180°, 240°, and 300°, and the sides 
of the hexagon return to their original position. There is a sixfold rota- 
tional symmetry. Second, you can reflect a regular hexagon in six differ- 
ent mirror planes and find that the hexagon appears unchanged. If you 
play around with a couple of cardboard cut-outs of regular hexagons you 
will quickly convince yourself that these are the only transformations that 
leave a hexagon unchanged. The hexagon has a symmetry of order 12. 
Snowflakes may possess infinite variety, but they possess only 12 symmetry 
transformations. Symmetry has thus brought some order to the bewildering 
complexity of snowflakes. (Figure 11 illustrates these symmetries.) 

The set of symmetries of the 
hexagon possesses four properties. 
First, the set is closed. (Closure means 
if we perform one symmetry transfor- 
mation on the hexagon and then im- 
mediately follow it by another sym- 
metry transformation, the result is one 
of the set of 12 symmetry transforma- 
tions.) Second, the set is associative. 
(Take three transformations, called A, 
B, and C. Do A followed by B then 
follow it by C. Note what happens, 
then start again. This time do B fol- 
FIGUREU Symmetries of a hexagon lowed by C; then do A followed by 

the result of B followed by C. The re- 
sult should be the same as the first procedure. This sounds complicated, 
but it essentially means that the order in which transformations take place 
does not matter.) Third, the set has an identity. (An identity is a transfor- 
mation that does nothing. In this case it is a rotation about 0°.) Fourth, 
every transformation in the set has an inverse. (Each transformation can be 
followed by another transformation that returns the hexagon to its original 
state, as if the identity transformation had acted upon it.) 

Any set of objects that possesses closure, associativity, identity, and in- 
verse is known as a group. 
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To a mathematician, a group is the technical term for any set of en- 
tities that possesses four simple properties (the boxed text on page 26 de- 
scribes these properties). Mathematicians have studied groups for more 
than 170 years — ever since Evariste Galois, a young Frenchman, wrote 
down some key results in the subject. Group theory has since generated a 
vast literature. It has become so much a part of mathematics that the ba- 
sics of the subject are often taught to schoolchildren. The more advanced 
techniques of group theory are also tremendously powerful, and a wide 
range of problems can be solved where no other approach would succeed. 
Fundamentally, though, groups are simply a description of symmetry. So 
whenever scientists uncover a symmetry — whether it is a symmetry of 
crystals, molecular vibrations, or the fundamental constituents of matter — 
they need only identify the appropriate group and then they have an “off- 
the-peg” set of mathematical results and tools with which to analyze the 
symmetry. 

In the case of the symmetries of the snowflake, the appropriate group 
is called the dihedral group. It does not matter what we call the group, 
however; the important point is that its properties have been studied and 
cataloged by generations of mathematicians and scientists. So, if a physicist 
has determined that a sample of material possesses hexagonal symmetry, she 
can use the well-established results pertaining to the dihedral group in her 
study of the various properties of that material. 

There are many different types of group, 
each type corresponding to one of the many dif- 
ferent varieties of symmetry transformation that 
exist. A discrete symmetry, such as the reflection 
symmetry of a snowflake, is the easiest type of 
symmetry to visualize; and the discrete symme- 
tries certainly play an important in fundamen- 
tal physics. The more abstract continuous sym- 
metries, though, and the groups that describe 
them, are even more important. The so-called 
Lie groups, in particular, play a crucial role. They 
seem to provide a description of the symmetry 
properties of the most basic constituents of the 
Universe. 

The Lie groups are named after the nineteenth century Norwegian 
mathematician Sophus Lie (pronounced “Lee”). Lie managed to catalog 
the groups of continuous symmetries into several classes, and since his pio- 
neering work, mathematicians have classified all possible continuous sym- 
metries. (The complete classification of discrete symmetries was a much 
more difficult task and has only recently been completed). 
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An important class of Lie group is called SO(N), or the special orthog- 
onal group of order N, where N can be any integer. The name itself is 
unimportant. Stripped of the jargon, the group S 0(N) simply describes 
rotational symmetry in N-dimensional space. Even that may sound com- 
plicated until we realize that an object with this type of symmetry could 
be a smooth sphere: an object like a basketball, for example. Pick any axis 
around which to rotate a basketball: no matter which angle you rotate it 
through in three dimensions, the ball rotates back into itself. It is invariant 
under rotations. And this rotational symmetry of the basketball is described 
by the group SO(3) — where the “3” stands for the three dimensions of 
space. 

Lie also described groups known as U (N): unitary groups of order N. 
The simplest example of this type of group is U(l), and we shall see how 
the equations that describe electromagnetism possess this symmetry. Lie 
also described groups known as SU(N): special unitary groups of order N. 
These are abstract symmetries, so it is less easy to point to an object and 
describe its symmetry in terms of SU (N). The essence of these symmetries 
is simple, though: the SU(2) symmetry can “rotate” two objects into each 
other and the SU(3) symmetry can “rotate” three objects into each other. 
We shall see later how these symmetries play an important role in describing 
fundamental physics. 

The groups SO (N) and SU (N), along with another class of Lie group 
called Sp(N), the symplectic group, are known as the “classical” groups. 
They have had a long history of applications in physics. In addition to the 
classical Lie groups, there are five exceptional Lie groups: G(2), F(4), E(6), 
E(7), and E(8). These groups are much more tightly constrained than the 
classical groups. The symmetries of the exceptional groups are not sym- 
metries that one can demonstrate with everyday objects like snowflakes 
or basketballs. However, mathematicians have deduced their properties 
through abstract reasoning. The largest and most mysterious of the excep- 
tional groups is E(8), which is a 248-dimensional object whose properties 
mathematicians are still investigating. As we shall see, the exceptional group 
E(8) seems to play a role in theories that attempt to unify gravity with the 
other forces. 

Just as knowledge of the dihedral group is useful for scientists studying 
ice crystals, so knowledge of groups like U(l), SU(2), SU(3) and E(8) is 
useful for scientists studying the fundamental constituents of matter. The 
literature on the mathematical structure of these objects is intimidating. 
Fortunately, we only need to bear one thing in mind: all these groups 
simply describe different types of symmetry. 
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Einstein's special and general theories of relativity have permanently changed our view 
of space and time and gravitation. In an even more radical break with the past , 
quantum mechanics has transformed the very language we use to describe nature: 
in place of particles with definite positions and velocities, 
we have learned to speak of wavefunctions and probabilities. 

. . . But now we are stuck. 
Steven Weinberg, Dreams of a Final Theory 

M any undergraduate physics courses contain an element known as 
“modern physics.” What is usually meant by “modern physics” 
in this context is two different topics: relativity and quantum 
mechanics. These two theories are undoubtedly the twin pillars of modern 
physics, the foundations upon which our contemporary understanding of 
the Universe is built. And they feel modern, somehow, in that they deal 
with concepts that are quite unfamiliar to us in everyday life. Relativity, 
for example, tells us that our measure of time depends upon our position 
in a gravitational field; quantum mechanics forces us to give up the notion 
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that an object simultaneously possesses a definite position and momentum. 
These concepts appear to be, in that horrible phrase, bleeding-edge con- 
cepts. Yet it is worth remembering that these “modern” ideas now have a 
long history, in contrast to many of the speculative ideas we will meet later 
in this book. The theory of special relativity is almost a century old; Ein- 
stein s extension of those ideas, which forms the theory of general relativity, 
was published about nine decades ago; quantum mechanics was cast into 
its present form not long after that. So these “modern” ideas are neither 
untried nor untested; quite the contrary — they have met with spectacular 
success, which is why we teach them to our students. 

A theory’s success is gauged by the extent to which the numerical pre- 
dictions of the theory agree with observations. If there is close agreement 
between the values we calculate and the values we measure, the theory is 
viewed as successful. By this definition both general relativity and quantum 
mechanics work extremely well. This is comforting from a purely intel- 
lectual viewpoint, but there are practical benefits from possessing successful 
theories. An example of such a benefit is the development of the Global 
Positioning System (GPS), a technology that requires precise applications of 
both relativity and quantum mechanics for its operation. I begin this chap- 
ter with a discussion of GPS, since its very existence highlights a paradox at 
the heart of physics: both general relativity and quantum mechanics are in 
some senses “correct,” but they are fundamentally incompatible. 



The Global Positioning System 

I once was lost , but now am found. 

John Newton, Amazing Grace 

The Global Positioning System gets my vote as the most amazing of recent 
technologies. Millions of people, from yachtsmen and automobile drivers 
to hikers and climbers, now rely upon GPS radio signals to tell them exactly 
where they are on Earth s surface. The military, of course, makes heavy use 
of GPS, but the system is also used to monitor the movement of tectonic 
plates, to track the movements of elephants in Africa, to locate faults in 
power lines, and to time stamp financial transactions. Each year a host of 
new applications of the system are launched. 

The system has 24 satellites orbiting 20,000 kilometers above Earth. 
These are positioned in such a way that, from most places on Earth, at least 
four of the satellites are above the horizon at any time. Since each of the 
satellites orbits Earth in exactly half a day, any fixed observer on the ground 
will see any particular satellite at exactly the same place in the sky twice 
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FIGURE 13 The Global Positioning System 
uses 24 satellites orbiting 20,000 kilometers above 
Earth. From most places on Earth’s surface, at 
least four of the satellites are above the horizon at 
any time. 



each day. Each satellite carries an atomic clock. The phenomenal accuracy 
with which atomic clocks measure time is combined with a fundamental 
principle of special relativity — namely that the speed of light is a constant 
for all observers — to make a precision navigational system. The system 
works by having the satellites continually broadcast coded radio signals that 
can be detected by GPS receivers (which nowadays can be small enough 
to wear on the wrist). Suppose a receiver on Earth’s surface simultaneously 
gets a coded signal pulse from each of the four satellites above its horizon. 
Since the signals carry information on when the pulse was transmitted and 
it is known that the signals travel at light speed, a computer inside the 
receiver can calculate the distance to each of the satellites. And these four 
pieces of information give enough data to calculate the precise coordinates 
of the receiver; it is essentially just a high-tech form of triangulation — the 
process whereby a particular point can be located by viewing it from two 
different, accurately known points — which has been used by navigators 
for centuries. 

The procedure outlined above may seem straightforward, but there are 
some intricacies to account for before engineers can construct a working 
navigation system. 

Suppose we require GPS to provide a positional accuracy of one meter. 
That means the atomic clocks on board the satellites have to be accurate to 
about one part in 10 13 . No problem: atomic clocks possess this order of 
accuracy, and in any case the clocks are frequently corrected by a reference 
timekeeper at the US Naval Observatory. However, as we shall soon see, 
relativistic effects are much larger than one part in 10 13 . In fact, they are 
about ten thousand times too large to ignore. The intricacies of relativity 
— of Einstein s view of spacetime — must be addressed in any Global 
Positioning System. 
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FIGURE 14 GPS is a 
US Defense-Department 
system designed to provide 
worldwide, 
three-dimensional 
positioning information. 
Civil customers may also 
access the system, although 
at reduced accuracy. 
Researchers in the 1970s 
used the first generation 
Block I satellites to test the 
feasibility of the GPS 
concept. The present 
system uses the second 
generation Block II 
satellites like the one 
shown here. 




We saw earlier how the symmetry of special relativity demands that 
inertial observers in relative motion measure different times between the 
same events. In rough language, “moving clocks go slow.” Well, the atomic 
clocks on board a GPS satellite are certainly moving relative to a receiver 
on Earth s surface. Typically, a satellite speed is about 4 kilometers per 
second, which causes the atomic clocks to be slow by about one part in 
10 10 — roughly one second in 300 years. Furthermore, since the orbits 
of the satellites are elliptical, the satellites speed up and slow down as they 
change their distance from Earth. (This is the result of the conservation of 
angular momentum, which as we know is another symmetry effect.) So 
the relativistic time dilation varies throughout the orbit; all this has to be 
calculated and taken into account by the receiver. But that’s not all. General 
relativity predicts the existence of phenomena that cause even larger effects 
on the timekeeping of GPS clocks. As we shall see later, clocks in different 
parts of a gravitational field may register different times. Well, the atomic 
clocks on board a GPS satellite are high up in Earth s gravitational field: 
20,000 kilometers higher than the receivers. A basic calculation shows that 
a clock on board a GPS satellite runs faster than an identical ground-based 
clock by about five parts in 10 10 . Again, the size of this “gravitational time 
dilation” varies throughout the orbit as the satellites change their orbital 
distance from Earth. Another general relativistic phenomenon — the so- 
called Sagnac effect — arises because, relative to fixed receivers on Earth, 
the satellites are rotating. All these effects — and other, even more subtle, 
relativistic effects — must be accounted for if GPS is to provide positional 
accuracy of one meter. 
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FIGURE 15 A GPS receiver must be small enough to be 
practical for hikers and climbers; a receiver such as this one is 
no larger than a cell phone. A GPS device like this continually 
receives coded radio signals from GPS satellites. At any given 
instant, signals will be received from four of the 24 satellites. A 
computer inside the device calculates the distance to each of the 
four satellites. Since the positions of the satellites are known 
with accuracy and precision, and the coded signals carry 
information about when signals were transmitted, the location 
of the GPS receiver can be determined to within a few meters. 



It is often stated that general relativity has been tested in only a few 
extreme astrophysical situations; that it has little or no practical use in the 
everyday world. This is simply wrong. If relativistic corrections are not 
applied to the time registered by the atomic clocks on board GPS satellites, 
the system does not work. The theory of general relativity plays a key role 
in one of the most exciting of modern technologies. 

Implicit in the above discussion is an engineering capacity that we often 
take for granted. Our ability to build atomic clocks; to construct comput- 
ers that are powerful enough to handle the difficult mathematics involved 
in calculating relativistic corrections and yet are small enough to fit inside 
a portable receiver; to develop the communication networks required for 
synchronizing the system: these are now so much a part of our everyday 
world that they scarcely seem worthy of remark. Yet this capability, which 
is based on our ability to manipulate matter and fields on a microscopic 
scale, is almost magical. The gadgets of Western civilization — televi- 
sions, computers, smart washing machines, MRI scanners, and the rest — 
all work because physicists have learned how to control the flow of elec- 
trons. And this has come about because of our grasp of another pillar of 
modern physics: quantum mechanics. Without a knowledge of quantum 
mechanics, it would be impossible to develop a technology like the Global 
Positioning System. 



33 




Chapter 2 



But there is a paradox here. In the Global Positioning System we pos- 
sess a well-established technology that simultaneously employs both general 
relativity and quantum mechanics. Without general relativity we would get 
the timings incorrect, and the system would be worthless; without quan- 
tum mechanics, we could not build the system in the first place. The 
system requires both quantum mechanics and general relativity to be in 
some sense “correct.” Yet the fundamental assumptions behind the two theories 
are incompatible . 

Most physicists are now as certain as they can be about anything that the 
Universe is governed by quantum laws. But it turns out that when quantum 
ideas are applied to general relativity the result is nonsensical. How can we 
have two incompatible fundamental theories of physics? Would it not be 
more elegant, more beautiful, more symmetrical, to have one theory with 
which to explain physical phenomena? 

The drive to eliminate this incompatibility — the attempt to make 
general relativity coexist with quantum mechanics — has led to the “wild 
ideas” that we discuss later: strange new symmetries, extra dimensions, and 
parallel universes. Before we can appreciate these ideas, we need to look a 
little more closely at the twin pillars of physics in order to understand the 
source of the incompatibility between them. Lets begin with a discussion 
of general relativity. 



Physics on a Large Scale: 

The Theory of General Relativity 

Isn't gravity brilliant? 
Brilliant, The Fast Show 

The theory of special relativity embedded the beautiful symmetry of Lorentz 
invariance into physics, but Einstein was not satisfied. His theory, or rather 
the rest of physics, was not yet symmetrical enough. His pursuit of sym- 
metry in physics — his quest to write down theories that ensured the same 
laws of physics apply to everyone, regardless of where they are or how they 
move — led him to the theory of general relativity. General relativity is our 
best theory of gravity and of how the Universe works on a large scale. Lets 
look briefly at how Einstein came by his theory. 

Special relativity identified inertial observers as being important; it was 
they who agreed upon the invariance of the spacetime interval between 
two events. But what about non-inertial observers? What about those 
observers who underwent acceleration or who felt a force? In particular, 
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what about those observers who were in the grasp of a gravitational field? 
How could relativistic notions be applied to them? 

Einstein developed his theory of general relativity from a simple 
gedanken experiment; it led to a realization that he called “the happiest 
thought” in his life. Imagine that you are in a small, sealed, windowless 
room. If the room is not accelerating, then you cannot tell whether or 
how fast you are moving; the principles of special relativity ensure this. In- 
deed, the notion of assigning a velocity for the room makes no sense unless 
you can look outside and measure your motion relative to some external 
object. You can consider your room to be at rest. Things are very different 
if an acceleration is involved. This time there is a force, pressing you to the 
floor; you feel it, regardless of whether you can see outside. We call such 
forces “gee forces.” The constant acceleration due to gravity on Earth s sur- 
face is 1 g, but on fairground rides we can briefly encounter larger forces. 

Now, suppose there is a scale in the room. You stand on it, and it 
registers your normal weight. Is there any way of telling whether the room 
is on the surface of the Earth, or is in a spaceship that is accelerating at a 
constant 1 g? Einstein thought about this simple question for years, and 
concluded that the answer is “no.” There is thus an intimate relationship 
between gravity and acceleration. Einstein realized that a local gravitational 
field is indistinguishable from an accelerated motion — he called this the 
equivalence principle. It is another example of a beautiful symmetry in physics. 

If there is no difference between an accelerated observer in the absence 
of a gravitational field and a non-accelerated observer with a gravitational 
field, then we can always assume that the latter perspective is valid. We can 
say that all observers, no matter what their state of motion, can consider 
themselves to be at rest, as long as they include a suitable gravitational field 
to describe their immediate environment. Thus Einstein generalized his 
ideas of relativity. 

The equivalence principle leads directly to a surprising conclusion in- 
volving space. Consider again the sealed, windowless room that is under- 
going an acceleration; perhaps the room is in an accelerating rocket ship. 
Suppose that you stand at one wall and shine a laser beam horizontally at 
the opposite wall. In the time it takes for the light ray from the laser to 
traverse the distance to the wall, the ship will have accelerated beneath the 
ray. The light ray will hit a point on the opposite wall that is slightly lower, 
relative to the floor, than it set out. In other words, the acceleration causes 
the ray to follow a curved path. But the equivalence principle tells us that 
a gravitational field must also bend the path of a light ray. So why is this 
surprising? Well, a light ray always takes the path that requires the least 
time between two points; this is a well-observed and established principle 
of physics. Usually, we think that the path with the smallest time between 



35 




Chapter 2 





spacesh ip with 
its engines olT 



laser light travels 
horizontally across 
the spaceship 




path of photons 




accelerating 

spaceship 



FIGURE i 6 The equivalence principle tells us that photons “fall” in the presence of a gravitational field. 

two points is a straight line, and light rays travel through space in straight 
lines. We therefore usually think of space as being like some flat, Euclidean 
plane. (Light rays can be refracted, of course; light rays are bent when they 
hit glass after travelling through air, for example, which is a phenomenon 
that enables us to build spectacles and telescopes. Even when light is re- 
fracted like this, the light rays follow the path that takes the least time. Here, 
though, we are considering the simplest case of light travelling through a 
vacuum.) If light rays bend in a gravitational field, then the path with the 
shortest time between two points must be a curved line, not a straight line. 
Thus where a gravitational field exists, space is curved! 

The equivalence principle leads to another surprising conclusion, in 
this case involving time. We can understand it best by employing a similar 
simple gedanken experiment. 

Imagine that our rocket ship is in space and has been using its motors 
to keep a constant position relative to Earth. The captain then cuts the 
motors. Instantaneously, the ship is stationary with respect to Earth; then 
it starts to accelerate under the influence of Earth’s gravitational field. The 
ship is in free fall, and people on the ship are weightless. 

A laser, fixed to the ceiling of a room in the ship, points vertically 
down and it fires a pulse at the instant the motors are cut. If you were 
directly beside the laser when the pulse was emitted, you would measure a 
particular frequency for the light. This measured frequency would be the 
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“standard” frequency for the laser — the value that would appear in the 
manuals and the reference books. An observer on the rooms floor would 
measure the same frequency, because the conditions in the ship are the 
same as those in an inertial frame with no fields present. But what about an 
observer who is standing on Earth s surface, and is thus stationary in Earth s 
gravitational field? What frequency would he measure for the laser beam? 
He would agree with you about the “standard” frequency, since the laser 
was at rest relative to Earth when the light left the ceiling. But by the time 
the light hits the floor, the ship will have accelerated in Earth s gravitational 
field, and will be moving downwards with some velocity. So the observer 
who is stationary relative to Earth s gravitational field will measure a higher 
frequency — in much the same way that an observer hears a higher pitch 
from a siren as an ambulance speeds towards him. (The phenomenon is 
known as the Doppler shift. Radiation emitted by an object moving toward 
an observer is “squeezed;” its frequency appears to increase and is therefore 
said to be blueshifted. Radiation emitted by an object moving away from an 
observer is “stretched;” its frequency appears to decrease and is therefore 
said to be redshifted.) 

In other words, if light shines downwards in a gravitational field it is 
shifted to a higher frequency (blueshifted). If light shines upwards in a 
gravitational field it is shifted to a lower frequency (redshifted). The generic 
name for this phenomenon is gravitational redshift, and it is a direct result of 
the equivalence principle. 

The surprising conclusion arises when we recognize that the atomic 
oscillations that emit the laser light are, in effect, extremely accurate clocks. 
A clock is, after all, merely a device that repeats an action at a well-defined 
and constant rate. The action can be mechanical, like the ticking of a 
watch, or something more rarefied like the atomic oscillations that give rise 
to the emission of laser light. It follows that time passes at different rates at 
different places in a gravitational field. Time passes more slowly in a strong 
gravitational field than it does in a weak gravitational field. (This effect is 
clearly measurable. The US atomic standard clock, which is accurate to 
1 microsecond per year, is kept at Boulder; an identical clock is kept at the 
Royal Greenwich Observatory in England. Boulder is about 1650 meters 
above sea level, whereas Greenwich is roughly at sea level. The clock 
at Boulder gains 5 microseconds per year over the clock at Greenwich. 
Clearly, GPS must take gravitational redshift into account.) 

So not only does a gravitational field warp space, it also warps time. 
More elegantly, since Einstein showed how space and time are inextrica- 
bly linked, we can say that a gravitational field warps spacetime. In fact, 
Einstein argued that gravity is a warp, a distortion, in the geometry of 
spacetime! 
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This was a fascinating insight by Einstein, and it causes us to review 
the way that we look at the world. It means, for instance, that Earth does 
not orbit the Sun because it is impelled to do so by some force. Rather, 
Earth simply follows the straightest path it can in spacetime, but spacetime 
is curved due to the presence of the Suns mass and energy. 

The notion that spacetime can be curved follows directly from the 
equivalence principle. But Einstein went beyond this. His theory of general 
relativity provided a detailed description of gravity. The equations of gen- 
eral relativity gave a precise recipe for calculating the curvature of spacetime 
caused by a given distribution of mass and energy; similarly, it allows one 
to calculate the trajectory of a particle through a curved spacetime. (The 
equations of general relativity are beautifully simple in appearance, but of- 
ten fiendishly difficult to solve. The famous quotation by John Wheeler 
captures the essence of the equations: “Matter tells space how to curve; 
space tells matter how to move.”) The theory generates many more pre- 
dictions than gravitational redshift and spacetime curvature. It predicts the 
existence of black holes and gravitational waves; it accounts for the orbits of 
celestial bodies; it provides us with our best framework for understanding 
cosmology — the study of the Universe as a whole. 

As well as being successful, general relativity is widely regarded as being 
the most beautiful theory in all of physics. One of the reasons is that, 
in developing the theory, Einstein introduced a very deep symmetry to 
physics: general coordinate invariance. In other words, the theory looks exactly 
the same no matter how an observer chooses her coordinates of space and 
time. By combining this deep symmetry and the equivalence principle 
with beautiful mathematical concepts in geometry, Einstein’s theory flows 
naturally. 

According to Newton, there is a gravitational force between any two mas- 
sive objects that is proportional to their masses and inversely proportional 
to the square of the distance between their centers. This formula is accu- 
rate enough for almost all practical purposes. Using Newton s ideas about 
gravity and motion we can land spacecraft on Mars; we need only Newto- 
nian ideas when we calculate the trajectories of projectiles. But there are 
cases — like the refinements necessary for a functioning Global Position- 
ing System — when only the full theory of general relativity will do. The 
physics of the macroworld is the physics of general relativity. But general 
relativity tells us nothing about the microworld — a regime where other 
fundamental forces are more important than gravity. The microworld is 
best described by quantum mechanics. 
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Physics on a Small Scale: 

The Weird World of the Quantum 

I think it is safe to say that no one understands quantum mechanics. 

Do not keep saying to yourself if you can possibly avoid it, “But how can it be like that?” 
because you will go into a blind alley from which nobody has yet escaped. 

Nobody knows how it can be like that. 

Richard Philips Feynman, The Character of Physical Law 

The microworld contains entities like electrons, which we call particles. In 
classical physics, the word “particle” conjures up an image of something 
hard and featureless — something like a tiny billiard ball, perhaps. In clas- 
sical physics, you can apply a label to a particle like a billiard ball; and then, 
if you know the forces acting on the ball and the interactions it undergoes, 
you can follow the motion of the particle exactly. When, in the early twen- 
tieth century, physicists tried to apply these ideas to describe the behavior 
of entities like electrons it became clear that quantum particles do not obey 
the rules of classical mechanics. Laws that work superbly for describing 
the motion of tiny billiard balls fail completely to describe the motion of 
electrons. An electron is not a scaled-down version of a billiard ball, nor of 
any other familiar everyday object. It is something altogether more weird. 

Depending upon the experimental setup you use to investigate the 
properties of an electron, you might see an electron behave like a parti- 
cle in some ways. (It might trigger a detector at a precise location, for 
example.) It might also behave in some ways like a wave. (It might diffract 
off a crystal, for example.) The basic entities of nature simultaneously pos- 
sess aspects that in classical physics are thought to be separate; the basic 
entities exhibit wave— particle duality. 

Consider electromagnetic waves, which were once thought to be 
described completely by Maxwell’s classical theory of electromagnetism. 
There are indeed situations in which electromagnetism can be described 
as a wave phenomenon, but there are also situations in which electromag- 
netism is best described in terms of particles. When objects emit electro- 
magnetic radiation, they actually emit a quantum particle — called a photon 
— which has wavelike properties such as frequency and wavelength. 

Wave-particle duality is found whenever we probe the behavior of mat- 
ter on small scales. The unified description of this dual behavior is provided 
by quantum mechanics. 

So we now have two systems of mechanics: one for the microworld 
(quantum mechanics) and one for the macroworld (classical mechanics). At 
the very least, it is unaesthetic to have two different systems of mechanics. 
Can we not reduce this to a single theory, a single system of mechanics? 

It turns out that we can. 
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The scale at which quantum phenomena become noticeable is given 
by a fundamental constant of nature, called the Planck constant (symbol h). 
The Planck constant governs all quantum phenomena. For example, an 
electron moving along with some momentum has an associated wavelike 
property with a wavelength given by h divided by the momentum. It is 
this wavelike property that is missing in classical mechanics. Or consider 
a stream of photons, which behave like a wave with a frequency and a 
wavelength. Each photon has an associated particle-like property with an 
energy given by h multiplied by the frequency and a momentum given by 
h divided by the wavelength. It is this particle-like property that is missing 
in classical mechanics. As h tends to zero we recover our familiar everyday 
classical mechanics. Classical mechanics is thus a limiting case of quantum 
mechanics, and it is valid when the Planck constant can be neglected. There 
is thus only one system of mechanics: quantum mechanics! 



The Planck Constant 



The value of the Planck constant, h , is about 6.6 X 10 34 Js. It has the 
dimensions of action (energy multiplied by time). 

The combination of h divided by 2n occurs so frequently in physics that 
it is given its own symbol: ft, pronounced “aitch-bar.” 



Now, the Planck constant has a small value. In everyday life we always 
deal with quantities that dwarf the Planck constant, and it is therefore al- 
ways valid to neglect it in our usual activities. Because the Planck constant 
is so small, we never see quantum effects as we go about our daily busi- 
ness. Space, time, and energy always appear continuous; particles behave as 
particles, and waves behave as waves. 

But although h is small, it is not zero. When we investigate the mi- 
croworld we inevitably deal with quantities that are comparable in mag- 
nitude with the Planck constant. It is in these situations that quantum 
mechanics is inescapable. 

Perhaps the phenomenon that best encapsulates the difference between 
classical and quantum mechanics is the uncertainty principle. To appreciate 
this aspect of quantum behavior, consider what we have to do in order to 
“see” an electron and establish its position. To view any object we have 
to bounce photons off it. But we have to use photons with a wavelength 
less than the size of the object, otherwise the photons will bend around it 
without scattering from it; in other words, if their wavelength is too long, 
the photons are not scattered back into our eyes or microscopes. So to 
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Quantum Mechanics in Macroscopic Systems 

Quantum mechanics certainly rules at the level of individual particles, 
where the effects of the uncertainty relations make themselves felt in a 
myriad of ways. Increasingly, though, quantum effects are being observed 
in much larger systems. 

Recently for example, Robert Knobel and Andrew Cleland at the Uni- 
versity of California, Santa Barbara, have observed the uncertainty principle 
at work in what is almost a macroscopic system. They worked with a tiny, 
vibrating crystal bar (just a micron in length and cooled to very low tem- 
peratures) and a motion detector that could record displacements as small 
as one percent of the diameter of a single atom. All this might seem like a 
microscopic system, but the crystal bar had a mass that was the equivalent 
of 10 billion atoms. With their setup, Knobel and Cleland saw the crystal 
bar — an essentially macroscopic system — vibrate due to effects arising 
from the uncertainty principle. 

Or take another example of a purely quantum phenomenon that has 
now been observed in a macroscopic system: entanglement. Entanglement 
occurs when the quantum state of two or more objects must be described 
with reference to each other, even if the individual objects are separated 
by large distances. Entanglement leads to correlations between physical 
properties of the objects that are stronger than any correlations allowed by 
classical physics. If two particles are entangled, measuring the state of one 
particle enables us to infer the state of the second particle without touching 
it. In the next few decades, entanglement will allow the development of 
wonderful new technologies — such as quantum teleportation and quan- 
tum computing — but most studies of entanglement to date have involved 
subatomic particles. In 2003, however, Thomas Rosenbaum, at the Uni- 
versity of Chicago, and his colleagues in Britain and America, observed the 
phenomenon of entanglement in a single crystal of magnetic salt. This is a 
tiny system compared to our everyday world, but compared to subatomic 
scales it is macroscopic. We simply cannot escape quantum mechanics. 



“see” an electron and establish its position precisely, we require very short- 
wavelength light. However, from the wave-particle duality relationships 
given above, a very small wavelength implies a very large momentum for 
the photon. Some of this momentum will be imparted to the electron 
when the photon hits it. We can establish the position of an electron with 
precision, but only at the expense of accepting an uncertainty in the elec- 
tron s momentum. Alternatively we can use longer-wavelength light. This 
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will cause less disturbance to the electron — but we trade increased preci- 
sion in our knowledge of the electron s momentum with decreased preci- 
sion in our knowledge of its position. We cannot measure both quantities 
simultaneously with complete certainty. Indeed, as numerous experiments 
have shown, an electron does not simultaneously possess a well-defined po- 
sition and momentum. In quantum mechanics, then, the product of the 
uncertainties in the pair of position/momentum measurements has an irre- 
ducible value. (This value is given by ft; here again, we see how the Planck 
constant governs the microworld.) This is the uncertainty principle. 

There is a related uncertainty relation involving time and energy. We 
cannot measure precisely the energy of a particle over very small time in- 
tervals. On small enough timescales, the energy of a particle — even the 
energy of empty space — can fluctuate wildly. 

The uncertainty principle makes it seem as if we must abandon all hope 
of having a mathematically rigorous theory of quantum particles such as the 
electron; it seems that we can have no real idea of where an electron will 
be nor what velocity it will possess. As luck would have it, things are not 
that bad. In the 1920s, the Austrian physicist Erwin Schrodinger argued 
that although the electron is a point particle, it is always accompanied by 
a wave. The wave is a function of the particle s position and certain other 
variables. This electron wavefunction obeys a mathematically rigorous and 
well-defined equation — the Schrodinger equation. The wavefunction 
tells us everything there is to know about the particle. The kick, though, is 
this: the square of the wavefunction gives us only the probability of finding a 
particular particle in a particular state. (The wave is some sort of probability 
wave.) 

The wavefunction is a purely quantum idea, and it gives rise to be- 
havior that is impossible in classical physics. For example, we can confine 
an electron to a box. If the electron has insufficient energy to jump over 
the walls of the box then, according to classical physics, the electron will 
remain inside the box for ever. But according to the rules of quantum me- 
chanics, the electron wavefunction can seep outside the box. This means 
there is a probability — perhaps a small probability, but a non-zero prob- 
ability nonetheless — of finding the electron outside the box. According 
to quantum mechanics, an electron can tunnel out of a box. This phe- 
nomenon of tunneling is employed in a quantum-mechanical device called 
a tunnel diode, which is used in amplifiers for some satellite communi- 
cation systems. Without the purely quantum phenomenon of tunneling, 
such diodes would not work — and we would not have a technology like 
the Global Positioning System. 

There is thus a randomness lying at the heart of physics. The uncer- 
tainty principle imposes a limit on what we can know; if we try to calculate 
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“the future” from “the present,” we get only statistical results, a probability 
distribution. For any given process we can calculate only what is likely to 
happen, not what will happen. 

Quantum mechanics is an essential tool in many different branches of sci- 
ence, including astrophysics, chemistry and crystallography. In many of 
these cases the velocities of the systems being studied are slow enough that 
we can ignore the effects of special relativity, and non-relativistic quantum 
mechanics can be used. What concerns us most in this book, however, is 
the fundamental particles and their interactions. When we probe the na- 
ture of fundamental particles, the velocities involved are often comparable 
to the speed of light and special relativity cannot be ignored. If we hope 
to understand the nature of fundamental particles travelling at near-light 
speed, we must combine quantum mechanics with special relativity. En- 
suring that this combination worked correctly was not easy and required 
two decades of effort from some of the worlds most brilliant minds. The 
combination was pretty much in its final form by about 1950: it became 
known as relativistic quantum field theory , and it provides us with our best de- 
scription of the fundamental particles. It provides a conceptual framework 
for understanding many of the truly fundamental aspects of particles and 
the interactions between them. Although the topic contains some difficult 
technicalities, the basics can be appreciated without recourse to mathemat- 
ics. In Chapters 3 and 4 we look at relativistic quantum field theory in a 
little more detail; here, though, it is worth looking at what the words mean. 
We have already met the terms “relativistic” and “quantum,” but what is a 
“field?” 

The field concept is an old one, and it was employed to great effect 
by classical physicists. An example of a classical field is ocean temperature. 
At every point in the ocean we can assign a number that corresponds to 
the temperature of the water at that point. Ocean temperature is a scalar 
field: a single number gives the magnitude at each point in space. The 
number varies from point to point (different parts of the ocean are at dif- 
ferent temperatures) and it varies with time (the ocean gets hotter or colder 
depending upon the season and the time of day). 

A vector field associates both a number and a direction with each point 
in space. The velocity of water throughout the ocean is a vector field: at 
every point in the ocean we can associate a number — the speed of the 
water at that point — plus the direction in which the water is moving. 

Fields allow disturbances to move within them. We usually call these 
disturbances waves. Mathematically, these disturbances are described by field 
equations. Thus there are field equations for the propagation of the scalar 
temperature field and the vector velocity field of water in the ocean. In 
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this case the field equations are complicated, because the fields can interact 

— the scalar temperature field can affect the vector velocity field (since a 
temperature differential between points will tend to cause water to move) 
and vice versa. In a complicated situation like this, computers must be used 
to solve the equations. But the form of the equations was known to classical 
physicists in the nineteenth century. 

One feature of the two examples given above is that the temperature 
and velocity fields require a medium (in this case, the ocean) in which to 
propagate. Other examples of fields, such as air pressure and string tension, 
also require a medium in which to propagate (air and string, respectively). 
These fields can only be defined in terms of the properties of some other 
physical entity. But what about the electromagnetic field? In what medium 
does the electromagnetic field propagate? Einstein, in developing his theory 
of special relativity, showed that electromagnetic fields require no medium 
in which to propagate. They can propagate in a medium — light travels 
through glass, after all — but a physical medium is not necessary for them 
to propagate. The electromagnetic field is in some sense fundamental, or 
elementary: we cannot define it in terms of other things. The same is 
true of certain other fields we shall meet in the next two chapters. We 
should not seek to explain such fields in terms of the properties of other 
entities. The fundamental fields are the simplest things we know about. 
They are irreducible — they have no “parts,” they are not made out of other 
“stuff.” Instead, when we keep on asking “why” questions in the manner 
of Richard Feynman and Steven Weinberg, we should seek to explain all 
other entities in terms of the dynamics of the fundamental fields. The study 
of basic physics is the study of the fundamental elementary fields. 

James Clerk Maxwell introduced the electromagnetic field many 
years before physicists appreciated the quantum nature of the Universe. 
(Maxwells theory is thus a classical theory.) But in the 1930s and 1940s, 
physicists learned how to make the electromagnetic field obey the dictates 
of quantum theory. The same recipes could be used to quantize other fun- 
damental fields. When the fields were also made to obey Lorentz symmetry 

— when quantum mechanics was married with special relativity, in other 
words — the result was relativistic quantum field theory. 

Quantum field theory (the “relativistic” is implied) provides us with 
some important insights. For example, associated with each fundamental 
field is a quantum particle: the fields manifest themselves in nature as particles. 
So the electron is the quantum particle manifestation of something called 
the Dirac field, the photon is the quantum particle manifestation of the 
electromagnetic field, and so on. A startling conclusion of quantum field 
theory is that the number of particles need not be conserved. This means, 
for example, that photons and electrons can be created “from nothing,” so 
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long as there is sufficient energy for the process to occur and the various 
conservation laws are obeyed. This phenomenon is routinely observed in 
particle physics experiments. Particle creation is simply not part of classical 
physics; we need quantum field theory to explain it. 

Another striking conclusion, first reached in 1928 by the British physi- 
cist Paul Dirac, is that each of the fundamental quantum particles must have 
a corresponding antiparticle. A particle and its antiparticle have exactly the 
same mass, but they possess “mirror-reversed” properties. The negatively 
charged electron, for example, has the positively charged positron as an 
antiparticle. (The photon, which has zero charge and zero mass, serves as 
its own antiparticle.) When a quantum particle interacts with its antiparti- 
cle, the two mutually annihilate. For example, if an electron reacts with a 
positron they annihilate and are replaced by photons. The amount of en- 
ergy liberated in such an annihilation process can be tremendous, since the 
factor c 2 in Einsteins equation E = me 2 is so large. (Although antimatter 
is routinely created at particle accelerators, albeit in minute quantities, the 
world around us consists entirely of matter, with no antimatter to be seen. 
Since the laws of physics do not obviously favor the existence of particles 
over antiparticles, the absence of antimatter in the Universe is one of the 
deep mysteries faced by physicists and astronomers.) 

Yet another remarkable result from quantum field theory is this: the 
single Dirac field can describe any number of electrons — which means 
that all electrons are exactly identical. In the quantum world, if you have 
seen one electron, you have seen them all. The same is true of other 
fundamental particles. This is quite different to the classical situation, were 
we can “label” particles and thus distinguish between them. This leads to 
quantum phenomena that are quite inexplicable in terms of classical ideas. 
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FIGURE 1 7 Quantum particles differ from classical ones in several ways. For example, identical quan- 
tum particles are exactly alike. This gives rise to several interesting phenomena, one of which is shown 
here. The left-hand diagram shows the collision between two classical particles; we can attach a label to 
these particles so we can follow their trajectories throughout the collision. The right-hand diagram shows the 
collision between two quantum particles. The uncertainty principle causes a “fuzziness” in their trajectories. 
When the two particles come close together, their wavefunctions overlap and it becomes impossible for us to 
distinguish the two particles. We have no way of knowing which particle is detected at A and which at B. 
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All of this will be discussed in more detail later. What is important here 
are the following two facts. First, the Universe is inherently quantum in 
nature; we fail to notice this in our everyday life only because the Planck 
constant is so tiny. At small distances, we inevitably encounter quantum 
mechanics. Second, the most successful theories in all of science — the 
ones that pass the test of experiment better than any other — are relativistic 
quantum field theories. 



When GR Meets QM: 

Big Trouble at Little Distances 

God does not play dice with the cosmos. 

Albert Einstein 

The two pillars of physics — general relativity and quantum mechanics 
— have quite different realms of applicability. We use general relativity to 
describe the behavior of objects on a large scale; we use quantum mechan- 
ics to describe the behavior of objects on a small scale. We might hope 
that, since the theories apply to different situations, we can live with two 
fundamental theories. That hope is in vain. 

It is messy from an aesthetic point of view to have two quite differ- 
ent theories of nature, but it is much more than an aesthetic problem. If 
some of the fundamental physics interactions are classical, then we could 
use only those interactions in order to obtain the precise position and mo- 
mentum of a particle — thus violating the uncertainty principle. If some 
of the fundamental laws of physics are quantum, then they all have to be 
quantum. Besides, there are some situations — close to the singularity of a 
black hole, for example, or in the immediate aftermath of the Big Bang — 
where we need both theories if we want to understand what is going on. 
These are situations where spacetime is very highly curved on very small 
distance scales. On both practical and aesthetic grounds we require just a 
single fundamental physical theory. So what happens when we try to com- 
bine general relativity with the principles of quantum mechanics? What 
happens when we try to write down a quantum field theory of gravity? 
Unfortunately, the result is nonsense. 

General relativity is a classical field theory. So is electromagnetism, 
for that matter, and physicists know how to quantize the electromagnetic 
field. By following certain procedures physicists have obtained a spectac- 
ularly successful relativistic quantum field theory of electromagnetism. As 
in all other walks of life, the prime rule in physics is: if something works, 
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copy it. So physicists followed the same procedure in order to quantize 
the gravitational field, and indeed they can write down a quantum theory 
of gravity. There is a quantum particle — the graviton — associated with 
the gravitational field, just as the photon is the quantum particle associated 
with the electromagnetic field. In this picture, gravitational processes occur 
through the exchange of gravitons, just as electromagnetic processes take 
place through the exchange of photons. One can calculate the result of 
physical processes involving the graviton, just as one can with the photon. 
But the results of these calculations have an awkward tendency to be infi- 
nite. The result of any calculation in a quantum theory is a probability — 
the chance of a particular event occurring. The result, in other words, lies 
between 0 (no chance of the event happening) and 1 (the event is certain to 
happen). What are we to make of a probability that is infinite? In fact, we 
can make nothing of it. The appearance of infinities is a sure sign that the 
theory is wrong. For more than five decades, some of the brightest minds 
on the planet have attacked the problem of infinities in quantum gravity. 
So far, no one has managed to banish the infinities. They seem endemic in 
this kind of approach. 

Why does the approach to quantization that works so well for our classi- 
cal theory of electromagnetism fail so badly for our classical theory of grav- 
ity? The main reason is that the central assumption of general relativity is 
that spacetime has a smooth geometry. On large distance scales this assump- 
tion works just fine. However, as we probe microscopic distance scales the 
assumption crashes into the uncertainty principle and breaks down. The 
uncertainty principle tells us that quantum fluctuations cause undulations 
in the gravitational field — even in the zero gravitational field of an empty 
universe. As we probe smaller and smaller volumes of space, the uncer- 
tainty principle tells us that the quantum fluctuations become bigger and 
bigger. At the Planck length of 10~ 35 meters, space itself becomes a roiling, 
raging tumult. Our familiar notions of spacetime — the concept of “here” 
and “there,” of “then” and “now” — begin to lose their validity. In these 
conditions, at the Planck length, general relativity fails because the assump- 
tion on which it is founded (namely a smooth spatial geometry) fails. The 
equations of general relativity no longer hold at the Planck length, and this 
breakdown of the theory manifests itself in infinities. 

Even before Einstein, physicists tried to unify gravity with the other forces. 
But progress was slow. In the absence of progress, most physicists chose to 
investigate either the microworld of quantum mechanics or the macroworld 
of general relativity and left unification to some later date. This strategy 
paid off handsomely, leading us to a much deeper understanding of nature. 
At last, though, there are signs — just tentative glimpses — that unification 
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might happen. But to appreciate these developments, we need, like the 
physicists, to consider the two pillars of physics separately. We continue the 
story in the next chapter with a closer look at the microworld — the world 
that is so precisely described by relativistic quantum field theory. 
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It is the most persistent and greatest adventure in human history, 
this search to understand the universe, how it works, and where it came from. 

Murray Gell-Mann 

A lthough our world is a wonderfully complex place, people have 
long suspected that this complexity arises from the interactions of a 
rather limited number of building blocks. The Greeks, for example, 
believed that there were four elements — fire, earth, air, and water — from 
which all else was made. Nowadays, we know that there are 92 naturally 
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FIGURE 18 Trying to discover the ultimate 
building blocks of matter is rather like unpeeling the 
layers of an onion. We know that matter in the 
everyday world — the material that makes up a chair, 
for example — consists of molecules. The molecules 
are made up of atoms. Atoms possess an internal 
structure: they consist of a cloud of electrons orbiting a 
nucleus. The nucleus itself possesses an internal 
structure: it consists of protons and neutrons. And the 
protons and neutrons are also composite objects: they 
consist of three quarks. At the present time, it seems 
that the electrons and the quarks are point-like, 
structureless objects. They are believed to be 
fundamental particles. But many theorists argue that 
there is good reason to believe that these particles are 
themselves made out of something even more 
fundamental — strings. 



occurring chemical elements; they range from the lightest element, hydro- 
gen, to the heaviest element, uranium. All the material that we see around 
us in our everyday world consists of one or more of those 92 elements in 
varying combinations. Eventually, scientists discovered that elements differ 
because the atoms that constitute them are different; a hydrogen atom is 
different from a uranium atom. The source of this difference became clear 
once scientists realized that atoms, rather than being indivisible, possess a 
structure. An atom consists of one or more electrons orbiting a central 
nucleus, and the atomic nucleus itself possesses structure: a nucleus consists 
of one or more protons and a variable number of neutrons. (The property 
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that identifies an atom is the number of protons in its nucleus; different 
isotopes of an element possess the same number of protons in the atomic 
nucleus, but differing numbers of neutrons. The simplest hydrogen atom 
consists of one electron orbiting one proton; the most common isotope 
of uranium has atoms formed of 92 electrons orbiting a nucleus consisting 
of 92 protons and 146 neutrons.) More recently, scientists discovered that 
protons and neutrons themselves possess a structure; they consist of three 
quarks bound tightly together. 

Elements, atoms, nuclei, protons, quarks: whenever we investigate the 
fundamental structure of matter, we seem always to find another layer. 
There are indications, though, that we may have uncovered the true, funda- 
mental particles: the building blocks from which all matter in the Universe 
is constructed. Before looking at why we might have hit bedrock, lets first 
look at how we produce the fundamental particles. 



Producing the Fundamental Particles 

O amazement of things — even the least particle! 

Walt Whitman, Song at Sunset 

The electron and the photon are the most familiar of the truly fundamen- 
tal particles. The familiarity stems in large part from the ease with which 
we can produce them. Electrons are a key constituent of atoms, so ordi- 
nary matter is chockful of them. And we need relatively little energy to 
liberate them; simply heat a piece of metal, and electrons come boiling 
off. Once we have produced electrons, we can then use electromagnetic 
fields to manipulate them. The production of photons is even easier: the 
energies involved in lighting a match are sufficient to produce photons in 
abundance. Unfortunately we require much higher energies if we wish to 
study the other fundamental particles. The problem is not so much the 
energy, in fact, but the need to pack that energy in a small enough region 
to probe structures that are much smaller than the size of a proton. 

Cosmic rays — particles from space that constantly bombard Earth’s 
atmosphere — pack a large punch in a small package. The most energetic 
of these naturally occuring objects possess far more energy than we can ever 
hope to produce by artificial means, so studying the debris after a cosmic 
ray collides with an atom in Earths atmosphere is a good way to look 
for fundamental particles. (Figure 19 shows a typical cosmic ray detector.) 
Unfortunately we have no way of knowing when or where a cosmic ray will 
strike, what its composition will be, or how much energy it will possess. So 
although cosmic ray studies are valuable — and we shall see in Chapter 1 1 
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just how much — it is difficult to control the observations. The best way 
to produce particles in a controlled manner and study their properties is 
by building a particle accelerator — such as those at CERN in Europe (see 
Figures 20, 21, and 22) and Fermilab in the USA (see Figure 23). 



Units for Measuring the Energy of Fundamental Particles 



When atomic physicists learned how to isolate electrons, they found that 
the normal units of physics — such as the gram for mass and the joule 
for energy — were inconveniently large for discussing electron properties. 
They therefore introduced another unit — the electron volt , (symbol eV) — 
which was defined as the work required to move an electron through a 
potential difference of 1 volt. An electron volt is a small amount of energy 
— similar to the amount of energy posessed by a single photon of light. 

Experiments in particle physics involve higher energies than those in 
atomic physics. Typical energies are of the order of 10 6 eV (a million eV, 
symbol MeV), 10 9 eV (a billion eV, or giga electron Volt, symbol GeV) 
or even 10 12 eV (a trillion eV, or tera electron Volt, symbol TeV). Cosmic 
rays can possess even higher energies. The most energetic cosmic ray ever 
recorded had an energy of 320 EeV (an exa electron Volt, symbol EeV, is 
10 18 eV); this is the energy you would feel if you dropped a bowling ball 
onto your toe from a height of one meter. 

Using Einsteins equivalence between mass and energy, E = me 2 , we 
can use eV/c 2 , MeV/c 2 , or GeV /c 2 as a unit of mass. Physicists do indeed 
use these units, but for convenience they drop the c 2 , assuming the reader 
knows it is there. So, for example, you will often read that the mass of 
the proton is 938 MeV or that the mass of the Z boson is 92.6 GeV. I will 
follow that convention throughout this book. 



In a particle accelerator, we start with electrically charged objects — 
usually protons or electrons — and use powerful electromagnetic fields to 
accelerate them to high energies and keep them focused in tight beams. In 
a linear accelerator such as SLAC (the Stanford University Linear Accelera- 
tor) the charged objects follow a straight-line path. In a circular accelerator 
such as the Large Hadron Collider at CERN and the Tevatron at Fermi- 
lab, a magnetic field is used to bend the charged objects in a circular or 
spiral path. We then smash the objects into a carefully prepared target, or 
crash them together in head-on collisions and examine the debris in spe- 
cial detectors (see Figure 24). A myriad of different objects are created in 
the collisions, and these can then be studied and their properties recorded. 
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FIGURE 19 An aerial view of HiRes2, located at Dugway Proving Ground in Utah. It is an 
experiment that detects cosmic rays in a volume of about 30,000 cubic kilometers of atmosphere. The 
energy of the primary cosmic ray can be as high as 100 million TeV The primary interacts in the atmosphere 
and produces an air shower of up to 10 billion charged particles. These secondary particles excite nitrogen 
molecules in the air, which then radiate ultraviolet light. Sensitive detectors then measure this ultraviolet 
light above the night sky background. 



Through the careful analysis of the properties of these subatomic objects, 
physicists have discovered which are the truly fundamental particles and 
which are composite objects. For example, the proton was long thought to 
be fundamental; now we know it contains more basic entities. 

All this may sound straightforward, but the practice is not so clean. 
A popular experiment involves colliding a proton (which, as we will see, 
consists of three quarks) against an antiproton (which consists of three an- 
tiquarks) in the hope of getting a quark to scatter off an antiquark. This 
is rather like firing two oranges together at hypersonic speeds and, in the 
midst of all the mess, hoping to see one seed bounce off another. Record- 
ing and then recognizing an interesting particle is a challenge that stretches 
technology to the limit. It seems like even more of an impossible challenge 
when you appreciate the tremendous precision of the experiments taking 
place at these colliders. Certain experiments at CERN have been so sen- 
sitive that physicists had to take note of the position of the Moon. (The 
varying gravitational pull of the Moon as it orbited the Earth had a measur- 
able effect on the energy of the particle beam.) They even had to take note 
of the train timetable. (High-speed trains travelling out of Geneva bound 
for Paris had an effect on the beam energy.) 
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FIGURE 20 The 
Large Hadron Collider ; 
due to become operational 
in 2007, uses an 
existing accelerator tunnel 
(shown here as a white 
circle superimposed on 
the landscape). The 
tunnel is 27 kilometers 
long and lies an average 
of 100 meters below 
Earth’s surface. It is 
situated near Lake 
Geneva and the Jura 
mountains. 



FIGURE 21 One of the 
CERN tunnels, deep underneath 
the Jura mountains. 

Particle accelerators are huge structures, the size and complexity of 
which dwarf many industrial factories. This is “big science” at its biggest. 
Such large constructions are needed to accelerate subatomic particles to 
higher and higher energies. The greater the energy of collision, the more 
costly and difficult the experiment — but it is worth going to these ener- 
gies for several reasons. The most important reason has to do with reso- 
lution. We use accelerators to probe short distances (in order to find out 
whether an object contains smaller objects and, if so, what those objects 
are). In other words, accelerators are essentially large microscopes. As a 
rough guide, however, a microscope can only resolve distances compara- 
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FIGURE 22 The Large Hadron Collider is pushing several technologies, including computing, super- 
conductors, and electronics, to the limit. When it switches on, it will collide protons at an energy of 14 TeU 
and it will crash lead nuclei together at a collision energy of 1150TeV Four giant detectors, called ALICE, 
ATLAS, CMS, and LHCb, will record the outcomes of trillions of particle collisions; during operation, 
ATLAS and CMS will each be recording data at a rate roughly equivalent to the contents of 10,000 copies 
of Encyclopaedia Britannica per second. 



ble to the wavelength that is being used. In an optical microscope, the 
wavelength is that of light; in particle accelerators, the wavelength is the 
quantum wavelength associated with the particle. But quantum mechanics 
tells us that a particle’s wavelength and its momentum are inversely related. 
So the more momentum a colliding beam can transfer, the shorter the as- 
sociated quantum wavelength, and the finer the resolution we may achieve. 
That means we need to go to higher and higher energies. 

The uncertainty principle tells us what resolution we can expect from 
our particle accelerators. For example, if colliding beams can achieve a 
momentum transfer of lOGeV, then we can expect a spatial resolution of 
10 -16 meters: our “microscope” could examine distances that are smaller 
than the radius of the proton. (It was not until the early 1930s that accel- 
erators capable of reaching 1 MeV were built, and not until the early 1950s 
that the 1 GeV barrier was broken. So in the early days of experimen- 
tal particle physics, the resolution that could be achieved was low. At these 
low resolutions, the proton appeared as a point particle, which is one reason 
why the proton was incorrectly assumed to be a fundamental particle.) 
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FIGURE 23 Wilson Hall , which was 
inspired by a Gothic cathedral in 
Beauvais, France, is here shown reflected 
in Swan Lake at sunset. This building, 
in Batavia, IL, is the focal point for 
administrative and scientific activity at 
Fermilab. The business end of Fermilab 
physics takes place at the Tevatron — an 
accelerator that is four miles in 
circumference and is, at the time of 
writing, the worlds highest-energy particle 
accelerator. Three of the fundamental 
particles were first observed at Fermilab: 
the bottom quark, the top quark, and the 
tau neutrino. 



FIGURE 24 Once particles have been 
produced, we need to detect them. Until the 
1970s, bubble chambers were often used to 
detect particles. A bubble chamber is a vessel 
filled with a fluid that is on the verge of 
boiling; when a charged particle passes 
through the vessel, the particle generates a 
string of bubbles — due to boiling — along 
its trajectory. The bubbles can then be 
photographed and analyzed. This is a 
CERN bubble-chamber photograph of the 
production of jets of particles. Each track in 
the photograph is the record of a short-lived 
charged particle, spiralling in an 
electromagnetic field. This photograph was 
taken in about 1970. Bubble chambers 
have long been replaced by more modern — 
though less aesthetically pleasing — 
methods of detecting particles. 

Figure 26 shows the correspondence between energy and distance. 
Current high-energy experiments at CERN and Fermilab have probed 
distances down to 10 -18 meters. As we shall see in the next chapter, our 
theories of fundamental particles work extremely well at this distance scale. 
Many of the “wild ideas” we shall discuss in this book, however, apply 
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FIGURE 25 Particle physics experiments are nowadays so complex and expensive that they cannot 
be managed on a national level. Large international teams are required for the design, construction, and 
operation of the accelerators and detectors. This photograph shows the HERA-B team of scientists, who 
work on an experiment at the DESY laboratory in Hamburg. The experiment studies subatomic particles 
called B mesons. About 250 physicists, coming from 33 institutes in 13 countries, work on HERA-B. 
This is by no means the largest collaboration in particle physics. 



only at ultra-high energies and correspondingly ultra-small distances — 
Planck-scale physics, in other words. It is unlikely that we will ever build 
an accelerator that can probe distances at the Planck length (10 -35 meters). 
But that does not mean that the ideas are untestable. Astronomers have de- 
duced that the Universe began in a singular event known as the Big Bang. 
The Universe started out extremely small and the energies of particles in 
the immediate aftermath of the Big Bang were incredibly large. The wild 
ideas we shall be discussing, if they have any validity, must have applied in 
the very early history of the Universe. So by studying cosmology we may 
be able to find traces of a time when the Universe was in a quite different 
state, and thus gain a window on these radical ideas. And, in Chapter 11, 
we will see how completely new physics may occur at energies that are 
indeed accessible to our particle accelerators. 
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FIGURE 26 As we move to higher and higher energies, we probe nature at smaller and smaller distance 
scales. As we shall see in Chapter 4, current theories work extremely well in describing physics up to an 
energy of about 200 GeV (about 70“ 18 meters). At higher energies, or shorter distances, some new ideas 
must come into play. The received wisdom has been that no new physics will show up until we reach about 
10 17 GeV. Recent ideas, however, suggest that we will find interesting new physics at about 10? GeV This 
is the energy region that will soon be explored by the Large Hadron Collider at CERN. The ultimate goal 
is to describe physics at the Planck scale of 10 19 GeV (about 10 ~ 35 meters). 



The Web and the Grid 

It is perhaps no surprise — to physicists anyway — that the World Wide 
Web was invented at CERN. By the late 1980s, a system was needed to 
provide a human-friendly interface to the vast amounts of information gen- 
erated by research groups there. To this end, an English computer scientist 
named Tim Berners-Lee wrote the hypertext transfer protocol (http), the 
language computers use to communicate hypertext documents over the In- 
ternet, and designed a scheme to give documents addresses on the Internet. 
He also developed a browser to retrieve and view hypertext documents. 

The next generation of particle collider at CERN — the Large Hadron 
Collider — will come on line in 2007, and the trillions of particle collisions 
that will take place there will generate more than 10 7 Gigabytes of data each 
year (equivalent to the contents of about 20 million CD-ROMs). The 
analysis of this avalanche of data will require truly immense amounts of 
computing power. That is why CERN scientists are now working on the 
Grid. This is a new approach to computing that will work in much the 
same way as the electrical grid: we will plug into a computational grid 
to obtain computing power just as we now plug into the electrical grid 
to obtain electrical power. This will allow scientists to work with more 
computing power than any single machine can reasonably possess. Like 
the Web, the Grid will at first be available only to universities and research 
laboratories; but also like the Web, the Grid will soon be available to the 
rest of us. The new applications that the Grid will make possible will surely 
transform our world. 
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Classifying the Fundamental Particles 

To the small part of ignorance that we arrange and classify 
we give the name of knowledge 
Ambrose Bierce, The Devil’s Dictionary 

Over the years, trillions of events have taken place in particle colliders. 
What makes possible the study of such a myriad of events (apart from raw 
computing power) is our old friend symmetry. We can make sense of the 
outcome of particle collisions only in terms of symmetry: we need the 
conservation laws in order to explain the events that we observe in the lab- 
oratory. As we saw earler, the external spacetime symmetries possessed by 
quantum fields give rise to conservation laws involving energy, linear mo- 
mentum, and angular momentum. Every particle collision ever recorded 
has obeyed these laws. If a particular process is forbidden by a conservation 
law, then that process is never observed to happen. Conversely, if a process 
is allowed by the conservation laws, then eventually (and perhaps at great 
expense) we will observe it! 

Symmetry is important in another way. As we shall soon see, fields 
have “internal” symmetries, and these symmetries give rise to “charges.” 
Charges are strictly conserved — not just globally, but locally , at each and 
every spacetime point. Electric charge is the most familiar type of charge, 
and in every particle collision the net electric charge before the event is the 
same as after the event. The same is true for other charges. Symmetry thus 
helps us find order in what would otherwise be an impenetrable maze. 

Finally, symmetry is important in allowing us to classify the fundamental 
particles. 

The first person to appreciate the power of symmetry for classifying 
the fundamental fields was Eugene Wigner. In 1939, Wigner explored 
what happens when quantum field equations are made to obey Lorentz 
invariance — in other words, by demanding that the equations obey special 
relativity. He showed that the simple demands of invariance under various 
transformations imply that quantum particles, which are the manifestation 
of the fields, possess certain properties — such as mass, charge, and spin — 
that are not subject to the uncertainty principle. These properties are thus 
the logical way of classifying particles and fields. 

Rest mass An important part of the Wigner classification scheme is that 
quantum particles possess a definite rest mass , which can either be positive 
or zero. A positive rest mass is the mass that you measure when the particle 
is at rest relative to you. (If a quantum particle has a non-zero rest mass 
then you can always, at least in principle, catch up to it — so that it is at 
rest relative to you — and then measure its mass.) If a particle has a zero 
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FIGURE 21 Eugene Wigner used the power 
of symmetry principles to help classify the 
fundamental fields. For this work, and his many 
other contributions to the study of quantum 
mechanics, he was awarded the t 963 Nobel 
prize for physics. 



rest mass then it always moves at the speed of light, so you can never catch 
it. The photon — the particle manifestation of the electromagnetic field 
— has a zero rest mass and, of course, travels at the speed of light. 

So quantum particles are either massless, or else they possess a definite 
rest mass. 

Electric charge The Dirac field possesses a property called phase. You can 
think of the phase as an arrow that points from the origin to somewhere 
on a circle of radius 1. (See Figure 28.) We can pick any value for the 
zero point of the phase — any direction for the arrow — without affecting 
physics in any way. (This is rather like calculating the amount of energy 
it takes you to lift this book through a vertical distance of 12 centimeters. 
Within obvious limits, the energy you expend is independent of where you 
start. You can lift the book in your basement or on top of your roof and 
you will get the same result. The energy depends only on the difference in 
height, not on the choice of initial, or zero, height. You could say, there- 
fore, that there is a symmetry under the choice of zero height.) Choosing 
the zero point for the field is called choosing a gauge. There is an invari- 
ance, a symmetry, under changes in the choice of phase for the Dirac field. 
It is an example of a gauge symmetry. This is an internal symmetry, which is 
quite unrelated to spacetime symmetries like the invariance of the field un- 
der rotations and translations. A continuous symmetry like this implies, via 
Noethers theorem, that something is conserved. And the conserved quan- 
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tity? Electric charge! The conservation of electric charge is a consequence 
of an abstract symmetry — invariance under choice of phase. 

Electric charge thus gives us another way to classify particles. A particle 
either possesses an electric charge, or else it is neutral. Later, we shall 
meet various other types of charge, all of which arise because of particular 
symmetries of the fields. These charges also help us classify particles. 
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FIGURE 28 The Dirac field has a property called phase. Phase is represented here by an arrow pointing 
from the center of a circle of radius I and ending on the circumference of the circle. We are free to choose the 
direction of this arrow; in other words, we are free to choose a gauge. In the top part of the diagram, the 
arrows point to the lower left. In the bottom part of the diagram, the arrows point to the lower right. Nature 
is invariant under this transformation; there is no detectable difference between the two situations. We call 
this a global symmetry, since the transformation has to be the same at all spacetime points. Tins invariance 
of the Dirac field under choice of phase gives rise, via Noether's theorem, to conservation of electric charge. 



Spin If we study how the fundamental quantum fields transform upon 
rotation, then we can assign them a definite spin. In units of ft — which, as 
we saw on page 40, is the constant that governs quantum behavior — the 
Dirac field has spin V 2 ; the associated quantum particle, the electron, thus 
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has spin V 2 . The electromagnetic field has spin 1; the associated quantum 
particle, the photon, thus has spin 1 . 

The spin of a particle is fixed forever. It does not slow down to a stop 
in the way that a flywheel eventually slows down, nor can you whip it into 
a faster spin state as you can with a spinning top. The spin of a particle is 
an inherent property of the particle. (We can think of a particle as spinning 
about an axis like a spinning top as long as we remember that the analogy is 
not perfect. The quantum world can never be perfectly pictured in terms 
of the properties of everyday objects.) 

Wigner showed that quantum particles must possess either an inte- 
ger spin (that is, spin 0, 1, 2...) or else a half-integer spin (that is, 
spin V2, 3 /2, 5 /2. . .)• It is impossible for a particle to possess, say, spin V3 
in quantum units (at least, it is impossible if special relativity is correct). 
Particles of integer spin are called bosons in honor of Satyendra Bose, an In- 
dian physicist who collaborated with Einstein in investigating the subtleties 
of quantum mechanics. Particles of half-integer spin are called fermions 
in honor of Enrico Fermi, an Italian-American physicist and Nobel prize 
winner. Thus quantum particles possess another quantity that enables us to 
classify them. They are all either bosons or fermions. 

Classifying particles as to whether they have integer or half-integer spin 
may seem trivial, but the different symmetry properties of these particles 
(see the boxed text on page 63) give rise to many important quantum 
phenomena. For example, an exclusion principle forbids identical fermions 
from occupying the same state. The existence of the periodic table — and 
ultimately the chemical properties of the world around us — depends upon 
fermions obeying the exclusion principle. If electrons did not obey the 
exclusion principle, then they would just pile into the lowest-energy state 
of an atom and matter as we know it would not exist. Bosons, on the other 
hand, obey no such principle. The quite different behavior of bosons is 
illustrated by phenomena such as laser beams. In old swashbuckling films, 
when pirates crossed swords it was perfectly reasonable to watch one sword 
stop another. Swords are material objects, which contain fermions that 
obey the exclusion principle, and hence will not penetrate each other. The 
fermions in the swords cannot be in the same place at the same time. In 
the film “Star Wars,” when Luke crossed lightsabers with Darth Vader, 
the laws of physics were being broken. Lightsabers (presumably) are made 
of light beams, which consist of bosons that do not obey the exclusion 
principle, and hence cannot stop penetration. A beam of light will simply 
pass through another beam of light; lightsabers cannot work as shown in 
the film. Matter and radiation — fermions and bosons — behave quite 
differently, and our world looks the way it does because of that difference. 
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Fermions and Bosons 

There is a profound difference between the behavior of bosons and 
fermions. This difference relates to symmetry. 

Consider a pair of fundamental particles, one at position 1 and one at 
position 2. This two-particle system is described by some quantum wave- 
function (the wavefunction, remember, tells us everything we can know 
about a quantum system). Suppose these particles have the same quantum 
numbers: the same spin pointing in the same direction, the same mass, the 
same charge; since these are fundamental particles with the same quantum 
numbers, they are completely identical. What happens if we swap the particle 
at 1 with the particle at 2? Well, we get a new wavefunction. The observ- 
able system, though, must be unchanged; the two particles are identical, 
so we -cannot distinguish between the two situations. If we could observe a 
difference, then the particles would not be identical. This invariance un- 
der the transformation of swapping identical particles is known as exchange 
symmetry. 

Now, in quantum mechanics, the probability of observing a system in a 
particular state is given by the square of the wavefunction. In the example 
above, the squares of the two wavefunctions must be identical. There are 
only two ways that the wavefunction can satisfy this constraint: either the 
wavefunctions are identical, or else one is the negative of the other. So the 
indistinguishability of fundamental particles means that wavefunctions are 
either even under the swapping of position (the wavefunctions are identical) 
or else they are odd under the swapping of position (one wavefunction is 
the negative of the other). It turns out that all fermions are odd under the 
exchange of identical particles. All bosons are even under the exchange of 
identical particles. 

Suppose we try to put two identical fermions in the same place at the 
same time. The fermion wavefunction is odd under the exchange of iden- 
tical particles, and this can be satisfied only if the wavefunction is zero. The 
probability of finding two identical fermions at the same place at the same 
time is zero. Identical fermions would not be seen dead together in the 
same place. This is the exclusion principle. When two identical fermions 
approach each other, a powerful repulsion comes into play. This is not an 
electrical repulsion: it happens between neutrinos, for example, which are 
electrically neutral. It is due, instead, to symmetry. 

Bosons are different. We can put two bosons at the same place and the 
wavefunction need not vanish. Indeed, far from obeying a prohibition on 
like states occupying the same point in space, bosons prefer to be in the same 
state. This is the principle behind the laser, for example. 
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In addition to being able to measure the spin of a particle, we can also 
simultaneously measure the component of the spin along some particular 
direction (usually taken to be the z direction). For an electron, which is a 
spin- V 2 particle, the ^-component of spin can either point in the positive 
direction of the ^-axis (in which case it is said to be “spin up”) or in the op- 
posite direction (in which case it is said to be “spin down”). The direction 
of spin is something that can be changed; we can apply an electromagnetic 
field and flip an electron from a spin-up state to a spin-down state, and vice 
versa. 

For a massive particle with spin 1, there are three possible orientations 
for the spin (+1,0, — 1). The photon is a massless spin-1 particle, and it 
turns out that such a particle can possess only two orientations for the spin: 
+ 1 or — 1 . So photons can be said to possess a particular handedness — they 
can be left- or right-handed. (This effect is present in more familiar classical 
physics. In classical electromagnetism light is considered to be a transverse 
electromagnetic wave: electric and magnetic fields oscillate in a direction 
that is at right angles to each other and to the direction of propagation 
of the wave. Polarization describes the direction of the electric field, and 
there are just two separate states: vertical and horizontal. Common sources 
of light such as candles and torches emit unpolarized light, which means 
that the electric field vibrates in many different planes. But you can easily 
demonstrate that only two independent polarization states exist if you have 
have two polarizing filters — such as two pairs of Polaroid sunglasses. Hold 
one pair of glasses horizontally and the other pair vertically, directly in front 
of the first pair. No light gets through.) 



A First Look at the Fundamental Particles 

If I could remember the names of all these particles, 
I would have been a botanist. 

Enrico Fermi 

According to our classification scheme, the truly fundamental particles are 
of two types: fermions and bosons. The role these two types of particle 
play will become clear in Chapter 4. For now, we can content ourself with 
a first look at particles that have been produced in colliders. A brief de- 
scription should be enough to imbue the fundamental particles with some 
personality. 

Let s start with a description of the fermions. 
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The electron The electron — the first fundamen- 
tal particle to be discovered in experiment — was 
found in 1897 by J. J. Thomson. In many ways, 
Thomsons discovery marks the birth of particle 
physics. 

The electron s properties are well-documented. 
We know its rest mass (0.511 Me V), its electric 
charge (—1), its spin (V 2 ), and its other quantum 
properties. As with all the other apparently funda- 
mental particles we shall be discussing, no experi- 
ment has detected any internal structure in the elec- 
tron. It appears to be a point object. So once we 
have specified an electron s quantum numbers, we 
have said all there is to say about it. 

Experimentally, electrons are easy to produce. It usually takes relatively 
little energy to strip an electron from its orbit around an atomic nucleus. 
Once an electron has been liberated, we can isolate it, study it, and manip- 
ulate it. The entire electronics industry, after all, depends on our ability to 
produce and then manipulate free electrons. 




FIGURE 29 J.J. Thomson, 
Nobel Laureate 1 906 



The up and down quarks It takes much more energy to liberate the par- 
ticles in an atomic nucleus — the protons and neutrons — than it does to 
liberate an electron from the outer layers of an atom. This is because the 
force acting on particles in an atomic nucleus is much stronger than the 
electromagnetic force acting on electrons. During the 1940s, 1950s, and 
1960s, physicists discovered dozens of subatomic objects that interacted via 
this strong nuclear force. Collectively these objects were called hadrons. 
(Particles such as the electron, which do not feel the strong force, were 
called leptons.) The hadrons fell into two types: baryons with half-integer 
spins, and mesons with integer spins. At first it was thought that baryons like 
the proton and mesons like the pion might be truly fundamental particles. 
But the role played by the menagerie of other hadrons — baryons like the 
lambda, sigma, and xi, and mesons like the rho, omega, and phi — was 
confusing. 

The fog began to lift in 1964, when two American theorists, Murray 
Gell-Mann and George Zweig, independently introduced the quark model 
of the hadrons. The idea is straightforward. Baryons and mesons consist 
of quarks. It is the quarks that are the truly fundamental particles and, by 
appearing in various combinations, they produce all the known hadrons. In 
order to account for most of the hadrons that were known about in 1964, 
only two types (or flavors) of quark were required: the up quark (symbol u) 
and the down quark (symbol d). 
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The Quark Model of Hadrons 

Every baryon consists of a triplet of quarks (and every antibaryon consists of 
three antiquarks); every meson consists of a quark-antiquark pair. Simple. 
Beautiful. 

Familiar hadrons contain only the u and d quark flavors. The proton, 
for example, consists of two u quarks and one d quark (uud). The quark 
content of the neutron is udd. The neutral pion contains one u quark and 
one u antiquark; the positively charged pion contains one u quark and one 
d antiquark; the negatively charged pion contains one d quark and one 
u antiquark. And so on. The same combination of quarks can also appear 
as “excited” states — states with more mass-energy. The A + baryon, for 
example, has the same quark content as the proton but is 30 percent heavier. 
The bewildering complexity of the particle tables produced by physicists in 
the 1950s was replaced in the 1960s by simplicity: all these objects were 
just allowed combinations of u and d quarks and antiquarks. 



FIGURE 30 Murray 
Gell-Mann in 
conversation with Mary 
Gaillard. The list of 
Gell-Mann's 
contributions to physics is 
a long one — his 
development of the quark 
model of hadrons is just a 
small part. He is also an 
expert in linguistics and 
archaeology; some of his 
colleagues believe he has 
more in-depth knowledge 
of a wider range of 
subjects than anyone else 
alive. Gell-Mann was 
awarded the 1969 Nobel 
prize for physics. 




The reason why quarks combine in only two ways — to form either 
baryons or mesons — will become apparent in Chapter 4. As we shall see 
there, the apparently unremarkable observation that baryons and mesons 
are the only allowed quark combinations leads to an important theory of 
nature. (Recently, nuclear physicists have found evidence for an object 
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FIGURE 3 1 The ALEPH experiment at CERN studied collisions between electrons and antielectrons. 
When electrons and antielectrons come close enough they annihilate in a burst of energy that immediately 
rematerializes as matter in accord with Einstein's equation E = me 2 . In the collision shown in this diagram, 
the energy materialized as two quarks and two antiquarks. Quarks must <( clothe” themselves; in doing 
so they form jets of particles. These jets shoot out into the detector from the interaction point, carrying the 
momentum of the original quarks. Although we may be unable to see isolated individual quarks, the jets 
of hadrons that we observe in many particle physics experiments are impossible to explain unless they are 
formed from energetic quarks. 



containing four quarks and an antiquark. The so-called pentaquark is inter- 
esting, but we can perhaps think of it as a “molecule” of a baryon and a 
meson. Its existence does not cast doubt on the quark model of hadrons.) 

It is important to appreciate that no one has ever seen a “free” quark, 
and there are good reasons to suppose we never will. Unlike electrons, 
which we can isolate with ease, quarks are confined within hadrons. Nev- 
ertheless, the evidence for quarks is compelling, and when we see jets 
of hadrons appear in experiments at particle accelerators (such as the jets 
shown in Figure 31) we are seeing the effects of individual quarks. 

Since quarks do not appear in isolation, the notion of “quark mass” is 
slightly ambiguous. Under a commonly accepted definition of quark mass, 
the u quark has a mass of 4 MeV and the d quark has a mass of 7 MeV. 
(Recall that the proton mass is 938 MeV; clearly, most of the mass of the 
commonly observed subatomic objects is in the form of binding energy.) 
The u and d quarks are thus heavier than electrons — though only by 
a factor of about ten. An unusual feature of quarks is that they carry a 



67 




Chapter 3 



fractional electric charge. Taking the proton charge to be +1, the charge 
on the u quark is 2/3 and the charge on the d quark is — V 3 . (So the neutron, 
which is a udd triplet of quarks, has a charge 2/3 — V 3 — V 3 = 0. It turns 
out that all hadrons end up carrying either zero or integer electric charge; 
we never see a fractional charge, just as we never see a free quark.) 

The electron neutrino The existence of the neutrino associated with the 
electron was postulated by Wolfgang Pauli in 1930 purely on the grounds 
of symmetry. An atomic nucleus can sometimes decay into a less massive 
nucleus by emitting an electron in a process called beta decay. The trou- 
ble was, energy seemed not to be conserved in such decays: the energy 
contained in the electron plus the decay nucleus was less than the energy 
of the original nucleus. In order to preserve the principle of conservation 
of energy, and thus the invariance of the laws of physics under translation 
in time, Pauli argued that another particle must be emitted along with the 
electron. This extra particle would carry the energy required by the con- 
servation law. Such a particle would be insubstantial: it would have little 
or perhaps zero mass, and it would have zero electrical charge. It would, 
however, possess a spin: it would be a spin- V 2 fermion. It was Fermi who 
gave it the name neutrino (“little neutral one”); in this book we shall refer 
to it as the electron neutrino (symbol i/ e ), since it is closely linked to the 
electron and we have to distinguish it from two other types of neutrino. 




FIGURE 32 Wolfgang Pauli , 

Nobel Laureate 1945 

Although the electron neutrino seemed to be necessary from a theoret- 
ical point of view, it was not until 1956 that Clyde Cowan and Frederick 
Reines actually detected the particle. The difficulty with neutrino detec- 
tion from an experimenter s point of view is that the neutrino is unaffected 
by the forces that work on electrons, protons, and neutrons. It interacts so 
weakly with matter that it is difficult to stop a neutrino. 
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Modern neutrino detectors are typically located below Earth s surface in 
disused mines, or on seabeds; the shielding afforded by hundreds of meters 
of rock or water stops cosmic rays and other radiation from reaching the 
detectors — but neutrinos penetrate with ease. 

Electron neutrinos were once thought to be massless. An important 
recent discovery is that they possess a tiny mass (less than 3 eV). 

The electron and its neutrino form a natural pairing of fundamental par- 
ticles. They are often represented together as (e, v t ). The up and down 
quarks also form a natural pairing of fundamental particles. They are often 
represented together as (u, d). Together, these two pairings form a family of 
fundamental particles. 

Most of the matter we see around us ultimately consists of this family of 
four particles: the u and d quarks combine to form protons and neutrons, 
which in turn combine to form nuclei. Nuclei combine with electrons 
to form electrically neutral atoms, which combine to form elements and 
chemical compounds. The presence of electron neutrinos is far less obvi- 
ous, but they are formed in vast numbers in nuclear reactions deep inside 
the Sun (billions of solar neutrinos are streaming through you as you read 
this sentence). It seems that most of the matter in the Universe requires 
representatives from only one family of fundamental particles. Yet for some 
reason, this family is replicated twice over. 

The muon and the muon neutrino The muon (symbol fj) was discovered 
in 1936 in cosmic-ray experiments performed by the American physicist 
Carl Anderson and his graduate student, Seth Neddermeyer. (Four years 
earlier, Anderson had discovered the antielectron — the antimatter partner 
of the electron — the existence of which had been predicted by Paul Dirac. 
Anderson won the Nobel prize this work.) The muon neutrino (symbol 
Vp) was first identified experimentally in 1962 by a trio of American physi- 
cists — Leon Lederman, Melvin Schwartz, and Jack Steinberger — in an 
experiment at Brookhaven. The three physicists shared the 1988 Nobel 
prize for the discovery. 

Decades of study have determined that the muon is 207 times more 
massive than the electron. (Its rest mass is 105.659 MeV.) Otherwise, it 
seems to be identical to the electron: it has the same spin, the same electric 
charge and, like the electron, it has an associated neutrino. (The mass of 
the muon neutrino is not known, but it does not exceed 0.19 MeV.) 

So in addition to the (e, z/ e ) pairing of leptons, we have the (//, v^) 
pairing. No one knows why nature has ordered this extra set of particles. 
But they exist, and they are as fundamental as the more familiar electron 
and electron neutrino. 



69 




Chapter 3 



The strange and charm quarks Imagine if Cleopatra had fallen from her 
barge in 50 BC and had not yet hit the Nile. That was the conundrum 
facing physicists in the 1950s when they came across subatomic particles 
with an unusually long lifetime. In 1953, Murray Gell-Mann, and inde- 
pendently Kazuhiko Nishijima and Tadao Nakano, introduced the concept 
of “strangeness” to solve the conundrum. (See the boxed text below.) This 
was more than a decade before the quark idea itself was formulated, but the 
concept is readily accommodated in the quark model. 

Strangeness 

Fifty years ago, the timescales on which phenomena were observed to hap- 
pen was used to distinguish between the various types of interaction. Strong 
interactions between hadrons typically occurred on timescales as short as 
10 -23 seconds. Weak interactions typically took place on longer timescales 
— up to 10 -8 seconds. The timescale for electromagnetic processes was 
somewhere in between. 

Experiments had shown that certain hadrons could be produced in col- 
lisions on a very short timescale — about 10~ 23 seconds. These same 
hadrons, however, stayed around for a long time before decaying — as 
long as 10~ 8 seconds. (One hundredth of a microsecond may not seem like 
a long time but, compared to the timescale on which these hadrons were 
produced, it was an eternity.) So these hadrons were produced by the strong 
interaction but decayed through the weak interaction. This discovery was 
a problem for physicists. They could think of no reason why a hadron that 
was formed by the strong interaction should not also decay by the strong 
interaction. The behavior of these hadrons was anomalous, or strange. 

The explanation for their behavior was that these hadrons possessed a 
property — called strangeness — that was conserved in strong interactions 
but not in weak interactions. For example, the collision of a pion and a pro- 
ton, each with a strangeness of 0, could produce via the strong interaction 
two strange particles with opposite strangeness (and thus a total strangeness 
still of 0). However, suppose the produced particles were the lightest type 
of strange particle. Then their decay could not be by the strong interaction, 
since there would be no less massive strange particles into which they could 
decay. The decays would instead have to happen via the much slower weak 
interaction, which does not conserve strangeness. 



Strangeness, S, is a property possessed by certain hadrons. So in ad- 
dition to the u and d quarks, there must be another flavor of quark, the 
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FIGURE 33 Martin Perl shared the 1995 Nobel prize for physics with Frederick Reines. Perl won the 
prize for his discovery in 1975 of the tau lepton. His discovery signalled the existence of a third family of 
particles; the bottom quark was found in 1976, the top quark in 1995, and the tau neutrino in 2000. 
It now seems highly likely that there is not a fourth family of particles; all quarks and leptons have been 
discovered. 



s quark, which carries a strangeness of S = —1. The corresponding anti- 
quark of course carries S = +1. The u and d quarks carry a strangeness 
of 0. According to the quark model of the hadrons, if a baryon contains 
one s quark, then it has a strangeness of — 1 (an example of such a baryon 
is an object called the E”, which has a quark content of dds). If the baryon 
contains two s quarks, then it has a strangeness of —2 (an example is the 
E~, with a quark content of dss). With three s quarks, it has a strangeness 
of —3 (this is the f l~ baryon, with a quark content of sss). Clearly, S = —3 
is the maximum strangeness allowed for a baryon in the quark model. In 
all the particle collisions ever observed, no one has ever spotted a baryon 
with a strangeness greater than three; if the quark model is correct, no one 
ever will observe such a particle. 

The mass of the s quark is about lOOMeV, and it carries an electric 
charge of — V 3 . 

Similar observations of other long-lived particles led physicists to be- 
lieve that certain hadrons possess yet another quality, this time called charm. 
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This is accommodated within the quark model by assuming that there is a 
fourth flavor of quark, called charm (symbol c). Experimental evidence for 
the c quark came in 1974. The mass of the c quark is about 1200 Me V, and 
it carries an electric charge of 2 / 3 . 

The two pairings of leptons — (e, v t ) and (/x, v^) — are thus matched 
by two pairings of quark — (u, d) and (c, s). We have a second family of 
fundamental particles. 

The tau and tau neutrino Much of what was written above for the muon 
applies to the tau (symbol r), which was discovered in 1975 by a team led 
by Martin Perl working with data from the Stanford Linear Accelerator 
Center. Peris discovery came as rather a surprise, since it clearly signalled 
the existence of a third family of particles — something that theorists had 
been speculating about, but not very seriously. The rest mass of the tau was 
later measured to be 1784 MeV, which is about 3500 times more massive 
than the electron. 

With the discovery of the tau, the search began for its associated neu- 
trino. The existence of the tau neutrino (symbol u T ) was confirmed in 2000 
by an international collaboration of 54 physicists working on an experiment 
called DONUT (Direct Observation of the Nu Tau) at Fermilab s Tevatron. 
The tau neutrino is more massive than the other neutrinos (its exact mass 
is unknown, but arguments suggest it must be less than 18.2 MeV). 

We thus have three pairings of lepton: (e, v e ), (/x, v^) and (r, v T ). 

The bottom and top quarks Much of what was written above for the s and 
c quarks applies similarly to a third pairing of quarks: the top (symbol t) 
and bottom (symbol b) quarks. The (t, b) quark pairing thus matches the 
(r, v T ) lepton pairing and we have a third family of fundamental particles. 

The b quark was discovered experimentally in 1977 by a team of physi- 
cists led by Leon Lederman at Fermilab. Lederman s team discovered a 
meson called the upsilon, which consists of a b quark and its antiquark. 
The b quark has a mass of about 4.2 GeV and, like the d and s quarks, 
carries an electric charge of — V3. 

The t quark, which was discovered in 1995 in two different experi- 
mental setups at Fermilab s Tevatron, weighs in at about 180 GeV. This is 
similar to the mass of a gold nucleus, which contains 197 protons and neu- 
trons. The t quark is the most massive of any of the fundamental particles 
yet observed. Like the u and c quarks, it carries an electric charge of 2 / 3 . 

That concludes our brief survey of the fundamental fermions; now lets take 
a first look at the fundamental bosons. As we shall see in Chapter 4, the 
fundamental bosons play a different role than the fundamental fermions. 
The bosons act as carrier particles of the fundamental forces. 



72 




Building Blocks of the Universe 



The photon The photon (symbol 7 ) is the carrier particle of the electro- 
magnetic interaction. It acts on any particle that possesses electric charge. 

The photon is certainly the most familiar of all the fundamental par- 
ticles. We see light; we feel radiant heat; we cook with microwaves; we 
have our bodies examined with X-rays. All of these phenomena involve 
photons. We may give photons many different names — radio waves, vis- 
ible light, gamma rays, and so on — but the name we give them simply 
depends on their frequency (and thus their energy). Deep down, all these 
seemingly different phenomena are the same. They all involve the emission 
and absorbtion of photons. 

The photon is remarkably common in the Universe: for every triplet of 
quarks that form a proton, there are about 10 billion photons. Explaining 
this ratio of photons to protons is an important task for cosmologists and 
particle physicists. 

The W and Z bosons We have seen that the quarks come in six different 
types, or flavors: up, down, strange, charm, bottom, and top. The charged 
leptons come in three different types: electron, muon, and tau, each of 
which has a corresponding neutrino. Sometimes, in radioactive decays or 
in particle collisions, flavor can change. For example, a down quark can 
transform into an up quark and a muon can transform into an electron (in 
both transformations, other particles are involved too). The fundamental 
force that is responsible for these flavor-changing processes is called the 
weak force, and the carrier particle of that force comes in two types, the 
W boson and the Z boson. 

The weak force affects all the fundamental fermions, both leptons and 
quarks, and is responsible for some of the most important processes in the 
cosmos. If there were no the weak interactions, the chain of nuclear reac- 
tions that generates energy in the Sun would break. The Sun would not 
shine and life as we know it would probably not exist. 

The W boson is electrically charged, and in the usual units it carries 
one unit of charge (the charge can be positive or negative, so there are 
W + and W~~ bosons). The W boson is extremely heavy — it weighs in at 
81.8 GeV. 

In addition to the flavor-changing weak processes, there are some weak 
processes that do not change flavor. These processes are mediated by the 
electrically neutral Z° boson. The Z° boson is even more massive than the 
W boson — it has a mass of 92.6 GeV. In many ways, though, the Z boson 
acts as if it were simply a more massive version of the photon. In fact, 
as we shall see in Chapter 4, when we discuss the various interactions in 
more detail, there are very close links between the photon and the W and 
Z bosons. 
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FIGURE 34 One of the events found by the UA1 detector in its October-December 1982 run. The 

event produced an electron (indicated by an arrow in the lower-right part of the photograph) with a high 
transverse energy. The electron was produced back-to-back with (< missing energy” — the explanation for 
which was that an antineutrino was emitted. The only interpretation of this event that made sense was that 
a W boson had been created and then decayed into an electron and an electron antineutrino. 



The Discovery of the W 

Although theorists had predicted the existence of the W boson as far back 
as the 1960s, the difficulty in producing particles of such high mass (the 
W boson is almost 90 times more massive than the proton) meant that the 
W boson was not detected until 1982 (see Figure 34). 




FIGURE 35 In 1976, the Italian physicist Carlo Rubbia 
(pictured here) had the idea of converting an existing accelerator 
into a storage ring for protons and antiprotons. He hoped that 
collisions between the stored particles would have sufficient 
energy to detect the W and Z bosons. The Dutch physicist 
Simon Van der Meer invented a method for storing protons and 
antiprotons that made Rubbia’s idea feasible. The W and Z 
particles were found, and both men were awarded the 1984 
Nobel prize for physics. 



Since their discovery, several properties of the W and Z bosons have been 
measured to an accuracy of a few parts per thousand. There is good agree- 
ment between these measurements and predictions from theory. 
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Z bosons are produced by colliding beams of electrons and positrons at just 
the right energy. Z bosons decay to produce either a quark and its matching 
flavor antiquark or a lepton and its matching antilepton. These decays are 
readily detectable. 




FIGURE 36 This photograph, first published in 1973, was taken in a CERN bubble chamber called 
Gargamelle. A beam of muon neutrinos passed through the freon-filled chamber; the neutrinos themselves 
left no tracks. However, a spray of particles appeared “from nowhere ,” emerging from a point towards the 
center-left of the photograph. These particles were the debris of a freon nucleus that was struck by one of 
the energetic — but invisible — neutrinos. Apart from the gravitational interaction that all particles feel, 
neutrinos interact solely via the weak interaction. In a weak interaction such as this, we would normally 
expect the muon neutrino to convert into a muon; but no muon appeared in the debris — the neutrino 
continued on its elusive way, unchanged. The only explanation was that the neutrino interacted via the 
exchange of a neutral particle — the Z°. Photographs like this were the first experimental proof that neutral 
weak interactions were possible and were important because the existence of the Z° was a clear prediction of 
theories that unified the weak and electromagnetic interactions. (It was another ten years, however, before 
physicists were able to produce the Z° particle directly.) 



The gluon In the 1950s, physicists thought that the strong force was 
something that acted between protons and neutrons and bound them to- 
gether to form atomic nuclei. We now know that the nuclear forces acting 
on protons and neutrons is just a remnant of a much stronger, more funda- 
mental force — the force that “glues” quarks together to form the protons 
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and neutrons themselves. The carrier particle of this strong interquark force 
is called the gluon. 

Gluons, like quarks, cannot be produced in isolation. But, as with 
quarks, the evidence for the existence of gluons is overwhelming. In 1979, 
the detection of “jets” of particles following the collisions of electrons and 
positrons led physicists to conclude that they had observed the clear effects 
of gluon production. 




FIGURE 37 Gluons are 
the carrier particle of the 
strong force. They were 
observed for the first time in 
1979, at PETRA (an 
electron-positron collider at 
DESY in Hamburg). 
Gluons, like quarks, can 
never be isolated ; they are 
confined within hadrons. 
Nevertheless, the 
observation of “jets” of 
particles with certain 
properties, as in this 
photograph, can only be 
explained in terms of 
gluons. 



The gluon is in some ways rather like the photon. The photon “cou- 
ples” to a charge — the electric charge — and carries the electromagnetic 
force. The gluon also couples to a charge — the color charge, as we shall 
describe in the next chapter — and carries the strong force. However, a 
major difference between the gluon and the photon is this: the photon is 
electrically neutral, but the gluon possesses a color charge. In fact, there are 
eight gluons, each of which carries a different color charge. The gluon, be- 
cause it is charged, can couple to itself. This is quite unlike the behavior of 
photons. It leads to the possibility, for example, of glueballs — completely 
new states of matter that consist of pure glue. 
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This concludes our tour of the basic building blocks of the Universe. 
As Figure 38 shows, the number of fundamental particles is rather small. It 
is astonishing that the interactions of such a few basic entities can generate 
the beauty and intricacy of the world we see around us. 




FIGURE 38 The building blocks of the Universe. The top two rows of blocks represent the six quarks 
(up, down, charm, strange, top, and bottom). The bottom two rows of blocks represent the six leptons 
(electron neutrino, electron, muon neutrino, muon, tau neutrino, and tau). Each of the quarks and leptons 
has a corresponding antiparticle. Note that the quarks and leptons are also arranged in columns; each 
column represents a family of particles. The blocks to the right represent the force particles: the photon, the 
weak bosons W and Z, and the gluon. From these basic building blocks we can construct a model of particle 
physics. 
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There is certainly no absolute standard of beauty. 
That precisely is what makes its pursuit so interesting. 

J. K. Galbraith 

O ur present understanding of the microworld is defined in terms 
of quantum fields and the interactions between them. The best 
description we have of the fields and their interactions is given by 
the Standard Model of particle physics. 

The Standard Model is one of the crowning achievements of twentieth 
century science. It is the pure distillation of more than one hundred years 
of investigation by physicists, and the theoretical framework is based on the 
firmest of experimental evidence. Indeed, at the time of this writing, the 
Standard Model can explain the results of every experiment that has ever 
probed the behavior of matter on the smallest scales. Only gravity remains 
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outside the remit of the Standard Model. (In particle physics experiments 
we are dealing with very tiny masses and the gravitational effects are com- 
pletely negligible.) This chapter introduces some of the key concepts of 
the Standard Model. By understanding these ideas, and appreciating their 
tremendous success we are then in a better position to understand why 
the Standard Model must be incomplete. We will better understand what 
drives physicists to contemplate wild ideas such as large extra dimensions 
and colliding universes. 



Our Best Theory 

Never worry about theory as long as the machinery does what it's supposed to do. 

Robert A. Heinlein 

The Standard Model is a theory — or rather a set of theories — that encap- 
sulates and explains all the experimental studies of the microworld that have 
ever been made. All the phenomena of Maxwells electromagnetism, all the 
studies of radioactivity, all the data produced in particle accelerator labora- 
tories — all of this can be explained by the Standard Model. The Standard 
Model is the end result — so far — of what happens when we keep ask- 
ing “why” questions about the fundamental material of the Universe and 
how that material interacts. Remarkably, for such a wide-ranging frame- 
work, the Standard Model is extremely simple; it contains just two basic 
components. 

First, there are some fundamental particles — the quanta of the fun- 
damental fields. The particles are the “words” of the Standard Model. To 
recap, there are two types of fundamental field: fermions and bosons. The 
fermions are of two types: three families of lepton (the electron and its 
neutrino, the muon and its neutrino, and the tau and its neutrino) and 
three families of quark (the up and down quarks, the charm and strange 
quarks, and the top and bottom quarks). Each of the 12 fermions has an 
antiparticle. The fundamental bosons, all of which possess spin 1 , are the 
photon, the three weak bosons (W + , W“, and Z°), and the eight gluons. 
The bosons serve as their own antiparticles. From these few basic building 
blocks, all the familiar matter in the Universe can be constructed. 

Second, these fundamental particles interact in only three ways. (Re- 
member that we are ignoring gravity.) The interactions are the “grammar” 
of the Standard Model. Fundamental particles can interact via electromag- 
netism which, as we shall see later, is an aspect of the unified electroweak 
interaction. Electromagnetism acts on any particle that carries electric 
charge — every particle except the neutrinos, in other words; the car- 
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rier particle is the photon. The fundamental particles can also interact via 
the weak interaction, another aspect of the unified electroweak interaction. 
The weak interaction acts on all particles (it is the only interaction felt by 
the neutrinos) but its effects are often masked by the other interactions; the 
carrier particles here are the W and Z bosons. The fundamental particles 
can also interact via the strong interaction. The strong interaction acts on 
any particle that carries color charge. (In other words, it acts only on the 
quarks and gluons.) It is the force that binds quarks to form the hadrons; 
the carrier particle in this case is the gluon. Each of the carrier particles 
couples to the charges with a characteristic “stickiness” known as the cou- 
pling constant for the interaction. The coupling constants are different, so 
the strengths of the three interactions are different. 

In the previous chapter we looked at some of the experimental con- 
siderations that have driven the development of the Standard Model — 
namely, the production and detection of the fundamental particles. That 
gave us a vocabulary. In order to better understand the structure of the 
Standard Model, though, we need to take a look at the interactions; we 
need to understand some of the grammar. 

In the everyday world, we can identify many different types of force — 
friction in automobile engines, drag and lift on aircraft, tensile forces in 
buildings, and so on. But at the quantum level of quarks and leptons only 
three forces — or interactions — are truly fundamental. Other forces are 
but dilute remnants of the electromagnetic, weak, and strong interactions. 
The nuclear force, for example, binds protons and neutrons in the atomic 
nucleus; but this force is merely what is leftover from the strong interactions 
between quarks in the various nuclear particles. On a larger scale, when 
a bat hits a ball the impact is ultimately governed by the electromagnetic 
interactions of electrons in the bat and the ball. 

At the quantum level, the description of interactions is different from 
our everyday description of forces. Consider the interaction between two 
electrons. Electrons are constantly spitting out virtual photons — a phe- 
nomenon that is allowed by the uncertainty principle. The virtual photon 
emitted by one of the electrons may be absorbed by the other electron, 
transferring both energy and momentum between the electrons in the pro- 
cess. Using classical physics we might say that the electrons repelled each 
other, but at the quantum level the force is mediated by the exchange of a 
virtual photon. Ultimately, the electromagnetic interaction takes place via 
the exchange of virtual photons; similarly, the weak interaction is mediated 
via the exchange of virtual W and Z bosons, and the strong interaction is 
mediated via the exchange of virtual gluons. (In a sense, then, the fermions 
are “particles of matter” while the bosons are “particles of force”) 
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Hints of Physics Beyond the Standard Model 

The Standard Model is in agreement with all experiments that have in- 
vestigated the microworld. Recently, however, experiments have hinted at 
effects that may He beyond the Standard Model. 

A promising approach for probing the Standard Model is to identify 
predictions that experimenters can test with high precision. If experiment 
and theory do not match, it may be that the Standard Model is incomplete. 
At present, perhaps the best example of this approach involves muons. 

If an electron (or muon) moves in a uniform magnetic field that is per- 
pendicular to the direction of travel, the electron (or muon) will follow a 
circular orbit. Now, electrons and muons have an intrinsic spin. Suppose 
the spin axis initially points in the direction of motion; what happens to 
it as the particle completes a circular orbit? Simple quantum mechanics 
predicts the spin axis will continue to point in the particle s direction of 
motion. In the 1940s, however, experiments showed that the spin direc- 
tion of an electron changes slightly as a magnetic field guides it around a 
circle. The explanation for this anomalous behavior required the develop- 
ment of quantum electrodynamics, or QED (see page 84). As an electron 
moves, it continuously emits and reabsorbs short-lived virtual particles and 
this affects how its spin changes direction; QED tells us by exactly how 
much. For an electron moving in a magnetic field, the agreement between 
observation and theory is staggering: they agree to ten decimal places. 

A muon also changes its spin direction in a magnetic field due to emis- 
sion and reabsorption of virtual particles. But muons are more massive than 
electrons so they are more likely to emit a massive particle in one of their 
quantum fluctuations. The effect of emitting and reabsorbing a Z boson, 
for example, is about 40,000 times greater on the muon than the electron. 
This fact may open up a window on physics beyond the Standard Model. 
We can calculate what happens to the muons spin direction as it circles in 
a magnetic field, assuming only Standard Model particles interact with it. 
If we compare the results of this calculation with observation and find they 
are incompatible, it may be because massive fundamental particles exist that 
interact with muons but are not part of the Standard Model. (These may 
be supersymmetric particles, which we discuss in Chapter 5.) 

Recently this muon experiment has been performed at the Brookhaven 
National Laboratory in Upton, New York. The measurements are larger 
than theory predicts. However, although the difference between theory and 
experiment is statistically significant it is also rather small. The experiment 
must run for several more years before physicists can say conclusively they 
are observing effects that lie beyond the Standard Model. 
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In practice, it is impossible to understand the impact of a bat on a ball 
in terms of the interactions of trillions of electrons. It is no easy matter 
even to understand the nuclear force in terms of the interactions of a few 
dozen quarks. But at particle accelerators we can study the simplest case: 
the interaction of one particle with another via the exchange of mediating 
force particles. It is through such experiments that physicists have been able 
to understand the interactions, and thus to develop the Standard Model. 

The behavior of the fundamental interactions is described completely by 
two relativistic quantum field theories. Quantum chromodynamics describes 
the strong interaction, while the electroweak theory describes the electromag- 
netic and weak interactions in a unified manner. (Thus, at a deep level, 
there are only two interactions that are relevant for fundamental particles: 
the electroweak and strong interactions. To begin, though, we will look at 
the three interactions separately.) Not only do the interactions all take place 
via the exchange of virtual bosons, but the very existence of the bosons is 
demanded by the requirements of symmetry. There is thus a beautiful and 
common structure to the theories. So before we look at the interactions, 
let s look at the role that symmetry plays here. 



Local Gauge Symmetry 



Measure not the work, 
Until the day's out and the labour done, 
Then bring your gauges. 

Elizabeth Barrett Browning, Aurora Leigh 

In the previous chapter we considered phase as an example of gauge sym- 
metry. The symmetry transformation described there was a global symme- 
try: pick a particular zero-point of phase here, and it must have the same 
zero-point there, and over all of spacetime (see Figure 28). Suppose we 
allow different spacetime points to pick a different zero point of the phase, 
as in Figure 39. In other words, suppose that each observer at a spacetime 
point can pick a local gauge. This seems reasonable; after all, why should a 
choice of gauge on a distant planet affect the observations we make here? 
But surely, in that case, all hopes of a finding a symmetry break down? 
Wondrously, it turns out that the symmetry is restored if we introduce an- 
other field — called a gauge field — to compensate for the rate of change 
of the phase with position or time. With perfect symmetry, the gauge field 
is massless and thus there is a massless gauge boson associated with it. For 
the Dirac field, we can identify what this new gauge field must be: it is the 
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electromagnetic field — and the massless gauge boson is the photon! In 
other words, by demanding that the Dirac field obeys local gauge symme- 
try, we are forced to accept the existence of the electromagnetic field. This 
is a wonderful illustration of the power of symmetry principles in physics. 
By demanding that various fields obey a local gauge symmetry, and fol- 
lowing the logic of that demand, we eventually end up with a complete 
quantum theory of all phenomena involving electric charges; the theory is 
called quantum electrodynamics (QED). Successive gauge transformations of 
the Dirac field form a group, the gauge group U(1)em- (The subscript is 
just to remind us that this U(l) group, which could be a symmetry group 
of many different kinds of objects, has been applied to the problem of 
electromagnetism.) So in the lingo of the trade, we say that QED is a 
U(1)em gauge theory. 

V if w up* m if 

if if if if if 

if if 

P m " w * * 

P ✓ W /) ✓ 








FIGURE 39 We again represent the phase of the Dirac field by an arrow pointing from the center of a 
circle of radius 1 and ending on the circumference of the circle . We are free to choose the arrow direction, 
and in the top diagram all observers have chosen the same direction. But observers at different points are 
free to make a local choice of phase, as in the lower diagram. Remarkably, after this latter transformation, 
physics is unaltered provided another field — a gauge field — compensates for the rate of change of phase 
with position or time. This is a local gauge symmetry. For the Dirac field, the gauge field is the photon. 



84 




The Standard Model 



As we shall see, the other interactions possess a local gauge invariance. 
We are free to choose a gauge at each point in spacetime, as long as a 
compensating gauge field carries information about the choice that has 
been made. Again, it turns out that successive gauge transformations form 
a group — the SU(2) group for the weak interaction and the SU(3) group 
for the strong interaction. So the Standard Model is a set of relativistic 
quantum field theories based on the idea of local gauge symmetry. Since 
QED is the simplest such theory and is the theory upon which the others 
are modelled, it makes sense to look at QED in a little more detail. 



The Electromagnetic Interaction 

God runs electromagnetics by wave theory on Monday, Wednesday, and Friday, 
and the Devil runs them by quantum theory on Tuesday, Thursday, and Saturday. 

Sir William Bragg 

Quantum electrodynamics was developed in the 1930s and 1940s, but cal- 
culating even a simple quantity — such as the probability of one electron 
scattering off another — was difficult to perform in the early formulations 
of the theory. It was Richard Feynman, a wonderfully imaginative physi- 
cist, who simplified the methods of doing calculations in QED. To aid him 
with the mathematics, Feynman developed a diagrammatic tool, now called 
the Feynman diagram. A Feynman diagram represents a particular physical 
process. For example, a basic process in electromagnetism is the scattering 
of two electrons off each other, which we represent as follows: 

e~ e 

X 

e e 



FIGURE 40 A Feynman diagram representing the scattering of 
one electron (symbol e~) off another electron via the exchange of a 
photon (symbol 7 / 



We can interpret Figure 40 quite easily, as long as we remember two 
things. First, time increases as we read across the diagram. Second, the 
diagram is symbolic. The lines do not correspond to actual particle trajec- 
tories, such as the tracks left by particles in a bubble chamber (so they are 
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not like the tracks in Figure 24). Bearing these points in mind, the diagram 
says two electrons enter, they exchange a photon, and two electrons leave. 
In the process, the electrons transfer energy and momentum — they feel a 
force. The virtual photon is not observable; we see only the incoming and 
outgoing electrons. In classical physics, if the two electrons were initially 
at rest, we would describe this process by saying that “like charges repel.” 
Here, we say that like charges interact via the exchange of a photon. 



Feynman diagrams are useful not just because they help us visualize quan- 
tum processes, but because they represent a number. In essence, a Feynman 
diagram represents the probability of a particular quantum event happen- 
ing. Feynman developed a set of rules for assigning a particular factor to 
each element of a diagram — the incoming and outgoing lines have certain 
factors applied to them; the internal photon has a particular factor applied 
to it; the vertices, where the fermions emit or absorb a photon, have factors 
applied to them; and so on. Once the factors have been correctly assigned 
within a diagram, we can then calculate the number associated with that 
diagram. You simply have to follow the recipe that Feynman wrote down. 
Now follows the important bit. 

Suppose you want to analyze a particular physical process — the scat- 
tering of two electrons off each other, for example. Feynman said that you 
should draw all possible diagrams with the relevant external lines for that 
process (in this case two electron lines enter and two electron lines leave), 
calculate the number associated with each diagram, and then add up all the 
numbers. This result tells you the probability of the process occurring. You 
can then go away and compare the outcome of the calculation with actual 
experiments. 

There are two problems with this approach, one of which is obvious, 
the other much less so. 




FIGURE 41 Richard Feynman was a 
hugely influential figure in the physics 
community. Several books about his 
exploits — including Surely You’re 
Joking, Mr Feynman! and What Do 
You Care What Other People 
Think? — also made him a household 
name. He shared the Nobel prize for 
physics in 1965. 
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The first problem is that we are told to draw all possible diagrams that 
contribute to a process. However, for any particular process there are an 
infinite number of Feynman diagrams! 

For example, in the case of two electrons scattering off each other we 
can imagine the electrons exchanging a virtual photon, which then con- 
verts into an electron-antielectron pair before annihilating back into a pho- 
ton. Such shenanigans happen constantly at the quantum level. Or perhaps 
the scattering electrons exchange three photons. Or perhaps the photon 
produces an electron-antielectron pair which annihilates back into a pho- 
ton which produces an electron-antielectron pair before annihilating back 
into a photon. In each case, the same observable process is happening — 
two electrons enter, two electrons leave — but the internal mechanism of 
the interaction is quite different. So how can we calculate the probability 
of the process happening when there is an infinite number of contributions 
to the process? 

Fortunately, one of the rules that Feynman devised says that we must 
assign to each vertex a factor that is proportional to the square root of 
a . The number a (which has the value V137) is the coupling constant for 
electromagnetism — the famous fine structure constant — and is a measure of 
the strength of the electromagnetic force. Since the fine structure constant 
is less than one, the more vertices that a diagram possesses, the smaller 
will be its contribution to the final result. Figure 40 is an example of a 
so-called tree diagram: it contains only two vertices. The diagram that 
represents the process of two electrons exchanging a virtual photon, which 
then converts into an electron-antielectron pair before annihilating back 
into a photon, contains an extra pair of vertices. It thus has another factor 
of V137 attached to it. It will be roughly 0.7 percent as large as the tree 
diagram. So we do not have to calculate every single higher-order diagram 
in order to get an accurate result. The first few orders will do. Quantum 
electrodynamics is an example of a perturbative theory: the higher orders that 
quantum mechanics says must exist are merely small perturbations on the 
main lowest-order result. (Of course, if we want to increase the accuracy 
of a calculation, and if we have the requisite stamina and patience, then we 
are free to calculate the contribution from higher-order diagrams.) 

This is such an important concept, both here and in later chapters, 
that it is worth stating it again in slightly different language. We have in 
quantum electrodynamics a field theory that we can write down on paper 
in a few lines of mathematics. Unfortunately, the theory is too difficult for 
us to solve analytically. We do not know how to obtain nice mathematical 
expressions for the behavior of electrons in even simple situations. The 
best tool we have in such a situation is perturbation theory, in which we 
calculate successively better approximations to the answer. Nature has been 
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kind to us with QED: since the coupling constant is small, a perturbative 
approach works extremely well. 

The second problem with QED is that there are diagrams like this: 



e e 




FIGURE 42 Here, one of the electrons emits and then 
reabsorbs a photon. When we calculate the number associated 
with this Feynman diagram we get an infinite answer. This 
infinity arises as an infinite contribution to the electron mass. 



The problem is that when we calculate the number associated with the 
diagr am in Figure 42, we obtain a value that is infinite. At each order of 
perturbation there are several diagrams that give an infinite contribution. 
Some of the greatest physicists of the twentieth century struggled for years 
with the infinities plaguing quantum electrodynamics. The solution, de- 
vised by Feynman and independently by Julian Schwinger and San-itiro 
Tomonaga, is called renormalization. The idea is that these infinities arise 
because of very small distance contributions of the electron structure. The 
infinities tell us that at very short distances (or, which is the same thing, at 
ultra-high energies) the theory breaks down and must be replaced by other 
ideas. This in itself is not a problem; theoretically we expect that QED will 
eventually break down, and practically we cannot probe these ultra-high 
energies. The difficulties arise because the infinities complicate the calcu- 
lation of quantities that are accessible to us. What Feynman, Schwinger, and 
Tomonaga realized was that these troublesome QED diagrams only ever af- 
fect the electron mass, the electron charge, and the fine structure constant. 
But we know the values of these quantities from experiment. So we can 
sweep up the infinite contributions into definitions of quantities called the 
“bare” mass, “bare” charge, and “bare” coupling constant. The bare mass, 
charge, and coupling constant are infinite; but that need not concern us 
since we only ever work with a physical mass, charge and coupling. In 
essence, if we use the physical values in the Feynman rules, then we can 
ignore all the diagrams that give infinite contributions. 

There are only a few theories in which all the infinities arising from 
higher-order diagrams can be dealt with in this manner; in other words, 
there are only a few theories that are renormalizable. Fortunately, gauge 
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FIGURE 43 Julian Schwinger ; along with San-itiro 
Tomonaga and Richard Feynman, shared the 1965 Nobel 
prize for physics for the development of quantum 
electrodynamics. 




theories are renormalizable. Quantum electrodynamics, being a gauge the- 
ory, is thus a renormalizable field theory. 

Many of the ideas of QED apply to QCD, the quantum field theory of the 
strong interaction. So let s look at that next. 



The Strong Interaction 

More strong than all poetic thought. 

Alfred Tennyson, In Memorium 

Quantum chromodynamics describes the dynamics of color charged parti- 
cles just as QED describes the dynamics of electrically charged particles. 

The basic idea is that quarks (but not leptons) carry a color charge, 
which is analogous to electric charge. The color charge, however, comes 
in three types: red, green, and blue. The quarks are not really colored, at 
least not in the everyday sense of the word. They possess a quality — a 
charge — that we could just as well call “snarkness” or “boojumness” or 
whatever. But the charge has certain properties that behave in the way that 
color acts in our everyday world, so we can live with the name. 

So the fundamental quark fields possess a local gauge symmetry. In 
QED, nature is unchanged if we make an arbitrary choice of phase at each 
spacetime point as long as we introduce a massless gauge field that transmits 
the information about the choice made. In QCD, nature is unchanged if 
we make an arbitrary choice of color at each spacetime point as long as 
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Color 

Physicists first introduced the idea of color for reasons that had nothing to 
do with the strong interaction. The initial idea merely provided a way out 
of a dilemma in Gell-Manns quark model of the hadrons. According to the 
original version of the quark model, some of the baryons consist of more 
than one quark in the same state. The A ++ , for example, is a uuu baryon 
with all three quarks in the same state. But the exclusion principle tells us 
that it is impossible to have more than one identical fermion in the same 
state. So what is going on? Well, if the quarks possess a new property — 
color — then the three u quarks in the A ++ can be in different states: one 
quark could be red, one quark green, and the other blue. They would no 
longer be identical particles, and the exclusion principle would not apply. 

The A ++ has a total color charge of one unit of red, one of green, and 
one of blue. If these were colors in the everyday world, then we would 
say that the overall color of the A ++ is white. In other words, A ++ is 
colorless. It was not long before physicists realized that nature might be 
obeying a principle: all observable particles are colorless. The principle would 
provide a simple reason for the quark combinations that were showing up 
in accelerator experiments. We can make a colorless combination of three 
quarks (equal amounts of red, green, and blue), we can make a colorless 
combination of three antiquarks (equal amounts of antired, antigreen, and 
antiblue), and we can make a colorless combination of a quark-antiquark 
pair (red and antired, green and antigreen, and blue and antiblue). In 
other words, we can see baryons, mesons, and their antiparticles — the 
observed hadrons. But we cannot make a colorless combination of, say, 
two antiquarks or a quark with three antiquarks — and sure enough, such 
quark combinations have never been observed. 



we introduce gauge fields that transmit the information of color choice 
from one point to another. The symmetry that these transformations obey 
is described by the group SU(3)o The 3 arises because there are three 
different color charges and the subscript reminds us that this is a symmetry 
under the interchange of color. The quantum particle associated with these 
gauge fields is called the gluon. Thus a mediator, analogous to the photon 
in QED, is responsible for the strong force between quarks. 

Quantum chromodynamics rapidly became the best theory that physi- 
cists possess for understanding hadron interactions. As with quantum elec- 
trodynamics, calculations in QCD are aided by using Feynman diagrams. 
For example, the lowest-order Feynman diagram representing the interac- 
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tion between quarks (which is responsible, among other things, for binding 
them together into hadrons) is: 




Figure 44 looks just like the QED case of electron-electron scattering. 
Here, two quarks enter, they exchange a gluon, and two quarks leave. So 
presumably we simply calculate the contribution of the various diagrams 
involved in binding quarks and then we understand everything there is to 
know about hadrons. We will also understand the remnants of this force, 
which holds protons and neutrons together in a nucleus — terrific! Unfor- 
tunately, the situation is not so simple. There are three crucial differences 
between processes in QED and those in QCD. 

First, there is only one type of electric charge. The charge can be pos- 
itive or negative, of course, but only a single number is required to specify 
it. This means there is only one type of mediator for the electromagnetic 
interaction — the photon. Mathematically, this is a consequence of the 
U(1)em symmetry of the theory. The color charge, though, comes in three 
varieties. The theory is described by the SU(3)c symmetry, and the math- 
ematics of this group means there are eight types of gluon, all of which 
themselves carry the color charge. The gluons are an interesting mix of 
a color and an anticolor, and when a quark emits or absorbs a gluon, the 
quark can change color (though the quark flavor stays the same). For ex- 
ample, a red d quark might change into a blue d quark upon the emission 
of a red— antiblue gluon. 

Quantum mechanics tells us that a quark does not have a single color that 
it keeps forever. On short timescales, quarks are ceaselessly emitting and 
absorbing gluons and so are constantly changing color. Figure 45 depicts 
how the colors of the quarks in a proton are constantly changing. 

Gluons carry the color charge, so they are themselves subject to the 
strong force. In other words, gluons exchange gluons with other gluons, 
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FIGURE 45 A proton contains 
three “valence” quarks (indicated here 
by arrows). These valence quarks are 
bound together by the exchange of 
gluons; the emission of a gluon can alter 
the quark’s color but the proton overall 
remains colorless. The exchanged gluons 
can, on a short timescale, convert into 
quark-antiquark pairs, which can then 
recombine into gluons. A proton, then, 
is not just a collection of three quarks. It 
contains a bubbling froth of short-lived 
particles. 



which allows for the possibility of colorless bound states of pure glue (called 
glueballs) and for colorless bound states of a gluon, quark, and antiquark 
(called hybrid mesons). It is clear that QCD is a much richer theory than 
QED, but it is correspondingly more difficult. 

Gfutm Colors 

There are six gluons that can convert the color of a quark. Red-antigreen 
turns a red quark into a green quark; red-antiblue turns a red quark blue; 
green— antired turns a green quark red; green— antiblue turns a green quark 
blue; blue— antired turns a blue quark red; blue— antigreen turns a blue quark 
green. In addition, there are two different gluons that couple to the color 
charge on a quark without changing the quark color. 



Second, the value of the strong coupling constant a s — as deduced 
from experiments in nuclear physics — is greater than one. This is a major 
restriction for the theory. Remember that, according to the Feynman rules, 
a number proportional to the square root of the coupling constant appears 
at each vertex. In QED, the coupling constant is small, so each order 
of diagram contributes less than the previous order; we rapidly converge 
upon an answer. In QCD, each order of diagram contributes more than the 
previous order, and the answer diverges. The perturbation approach does 
not work. 
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FIGURE 46 Frank Wilczek 
is a professor of physics at MIT. 
Along with David Gross and 
David Politzer he discovered 
that QCD possesses the crucial 
property of asymptotic freedom. 
This means that the force 
between two particles is strong 
when they are far apart, weak 
when they are close together. 



Fortunately, there is a way around this problem — at least in some 
circumstances. 

One consequence of renormalization is that coupling constants depend 
upon the energy at which we measure them. Physicists thus talk of “run- 
ning” coupling constants. When we say that the QED fine structure con- 
stant a is V137, for example, this is actually the value it possesses in the 
low-energy regime. If we performed experiments at higher energies, then 
we would measure a slightly larger constant. The value of the strong cou- 
pling constant also depends upon the energy at which we measure it; it 
turns out that the strong coupling constant runs much more quickly than 
the fine structure constant and in the opposite direction. At energies typ- 
ical of nuclear physics, a s is indeed greater than one and the perturbative 
approach fails. But at higher energies, when we start to probe distances 
much less than the size of the proton, a s is smaller. Within a hadron, the 
force between quarks can be really rather small; the quarks rattle around as 
if they were free, and we are at liberty to use the perturbation approach. 
This property of QCD is known as asymptotic freedom , and it enables us to 
use the perturbation approach in some interesting areas of hadronic physics. 
(It was mainly the discovery of the asymptotic freedom of the theory that 
led to the general acceptance of QCD as the theory of the strong interac- 
tion. The discovery was made by David Gross and Frank Wilczek, then at 
Princeton University, and independently by David Politzer, then at Har- 
vard University, who were working within a framework developed by the 
Dutch physicist Gerardus ’t Hooft.) 
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Only at large separations does the force between quarks become large, 
and perturbation theory fails. It is as if the quarks were tied together by 
elastic bands: if the quarks are close together so that the bands are loose, 
there is little force between them. If the quarks are separated, the bands 
become stretched and the inter-quark force increases. This helps to explain 
why we do not see isolated quarks. Imagine a high-energy proton-proton 
scattering event, in which a quark in one of the protons strikes a quark 
in the other proton and knocks it away. The “elastic band” attaching this 
quark to the other two quarks will eventually break; but the result is not an 
isolated quark. There is so much energy contained in the band that quark- 
antiquark pairs or quark triplets can be created. The result is that the proton 
can maintain its status as a proton, but the escaping quark appears as a meson 
or a baryon. Sometimes there is so much energy in the “elastic band” that a 
whole shower of hadrons is created. The shower has the same momentum 
as the initial quark, so the hadrons appear as a jet of particles. Seeing these 
jets — as in Figure 31 — is almost as good as seeing an individual quark. 

Although this elastic band explanation of quark confinement sounds 
plausible and is supported by numerical simulations done on computers, it 
is not proof that quarks are confined. Unfortunately, quark confinement 
occurs precisely in the regime where the coupling constant is large and the 
perturbative approach fails. To prove that quarks are confined we need to 
understand the non-perturbative aspects of QCD. At present this is beyond 
physicists — but as we shall see in later chapters, there are tantalizing hints 
that we are beginning to glimpse the non-perturbative theory. The hints 
involve higher dimensions and other “wild ideas” — but more of this later. 

Third, a QCD process such as that illustrated in Figure 44 can never take 
place in the absence of other quarks. Only colorless states are observable in 
nature, so the quarks shown in Figure 44 would have to be accompanied 
either by an antiquark (to make a meson) or two other quarks (to make a 
baryon). We can only learn about QCD interactions by smashing bundles 
of quarks and antiquarks together in an accelerator; we can never do the 
simple, clean experiment of colliding a single isolated quark with another 
isolated quark. This is yet another reason why analyses in QCD are rather 
complicated. 

In summary, QCD is a renormalizable relativistic quantum field theory 
based on the SU(3)c gauge symmetry, and in certain regimes we can ap- 
ply perturbation theory to perform calculations. The technical problems 
involving QCD calculations mean that the agreement with experiment is 
much less impressive than is the case for QED, but there is every reason to 
suppose that QCD is the theory that describes hadronic physics. The fog 
surrounding physicists in the 1950s and 1960s, when new particles were 
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discovered on a monthly basis, has lifted. The underlying theory is simple, 
even if the details themselves are difficult. 



The Weak Interaction 

Made weak by time and fate. 

Alfred Tennyson, Ulysses 

Weak interactions act on all particles, both leptons and quarks. Further- 
more, the weak interaction is the only one that can change the flavor of 
the particles involved in the interaction. Despite the ubiquity and impor- 
tance of the weak interaction, though, weak processes are relatively rare. 
We observe them taking place in a system only if strong or electromag- 
netic processes are forbidden for some reason — for instance, if a conser- 
vation law prevents a strong or electromagnetic reaction from happening. 
Given the relative rarity of weak interactions, and the subtle and in some 
ways counterintuitive behavior they display, it is not surprising that it took 
physicists several decades to develop a successful quantum field theory of 
the interaction. We now know there are three mediating particles for the 
weak interaction: the W + and W~ carry an electric charge (the magnitude 
of which is equal to the electron charge) and the Z° is electrically neutral. 

As before, we can draw Feynman diagrams to help us calculate quanti- 
ties of interest. A typical weak diagram involving just leptons would be: 



FIGURE 47 Muon-electron neutrino scattering. A muon 
(symbol fi~ ) and electron neutrino (symbol v e ) enter ; exchange 
a W boson, and an electron (symbol e~ ) and muon neutrino 
(symbol vf) leave. By twisting this diagram, one obtains the 
more realistic process of a muon decaying into an electron, a 
muon neutrino, and an electron antineutrino. 







The W boson couples to quarks as well as leptons. It does not couple to 
color — that is the job of the gluon — so the color of a quark is unchanged 
in a weak interaction. But the quark flavor can change in a weak process. 
The flavor is not carried away by the W particles, in the way that gluons 
carry away color; that cannot be the case, because the W particles couple 
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to leptons, and leptons do not possess flavor. So we must deduce that quark 
flavor need not be conserved in weak interactions. A typical example of a 
weak interaction involving both quarks and leptons would be: 

e FIGURE 48 This is a weak scattering process in 

which the W couples to both leptons and quarks. As we 
know, quarks are confined within hadrons so this 
“pure” process can never be observed directly; but a 
simple twist of the diagram, with added spectator 
quarks, can represent the beta decay of the neutron. 
Neutron decay is mediated by the W particle. A 
d quark in the neutron converts to a u quark, thus 
changing the neutron to a proton, while the W decays 
U into an electron and electron antineutrino. 

The weak force mediators are extremely massive: the W“ and W + 
are 81.8 GeV, and the Z° is 92.6 GeV. This is the reason why the weak 
interaction seems so feeble. The uncertainty principle tells us that in order 
for two particles to be close enough to exchange a virtual particle with 
a mass of the order of 100 GeV, and thus participate in a weak interaction 
event, they have to be very close together — about 10 -16 meters apart. This 
is unlikely to happen. (Though it is certainly not an impossible occurrence; 
on average, two quarks in a free neutron come close enough to exchange 
a W boson about once every ten minutes. But it is only by going to 
the high energies available in particle accelerators and forcing particles to 
close proximity that we can produce W and Z bosons in abundance.) The 
intrinsic strength of the weak interaction is not small at all. In fact, when 
experiments are performed at energies close the W and Z masses, the weak 
coupling constant aw is measured to be V29 — almost five times larger than 
the fine structure constant. 

There are a couple of subtleties to the weak interaction that turn out to be 
important. 

First, the natural assumption would be that the weak interaction con- 
verts quarks only within the same family, in the same way that it converts 
leptons only within the same family. Under this assumption the weak inter- 
action would act on the (u, d) family and convert a u quark into a d quark, 
and vice versa. It would act similarly within the (c, s) and (t, b) families, 
but cross-family transitions would be ruled out. Well, this assumption is 
wrong. There are, for example, strangeness-changing weak processes; it 
has long been know that an s quark, say, can transmute into a u quark. 

The way this is handled in the Standard Model involves one of those 
seemingly bizarre properties of quantum mechanics. As far as the weak 
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interaction is concerned, the quark families are not (u, d), (c, s), and (t, b); 
rather, they are (u, d 7 ), (c, s'), and (t, b 7 ). The primes indicate that the 
quarks are not the physical d, s, and b quarks; instead, they are quantum 
mechanical combinations of the physical d, s, and b quarks. So as far as the 
weak interaction is concerned, the d 7 quark, for example, is mainly d, but 
there is a small amount of s and a trace of b. The same goes for s 7 and b 7 . 
It sounds weird, but it makes perfect sense within the world of quantum 
mechanics. The amount of this “mixing” between families is an important 
number in the Standard Model. It would be good to be able to calculate 
it, but at present all we can do is deduce the number from experiment and 
then feed it back into the theory. 





lcft~ handed particle 



FIGURE 49 Suppose the two particles in this diagram are massless , and so move at the speed of light. 
The axis of spin for the particle on the left is in the same direction as the direction of propagation; it is 
a “right-handed” particle. The axis of spin for the particle on the right is in the opposite direction to the 
direction of propagation; it is a ( left-handed” particle. If we could overtake the particle and look back at 
it, the handedness would appear to change; but since we can never catch up with a particle moving at light 
speed, the handedness for massless particles is conserved. Many experiments have shown that the weak 
interaction favors left-handed fermions (or right-handed antifermions). 



Second, the notion of “handedness,” or chirality, is important in weak 
processes. Consider a massless fermion — a spin-V2 particle that travels 
at the speed of light. The spin can point in the same direction as the di- 
rection of propagation, in which case the fermion is “right-handed,” or 
it can point against the direction of propagation, in which case it is “left- 
handed.” Since we can never overtake a particle travelling at the speed of 
light, this handedness is a conserved quantity. For a long while, neutrinos 
were thought to be massless, and handedness applied very clearly to them: 
there were thus two “species” of neutrino — left-handed and right-handed. 
For massive fermions, such as the electron, the classification scheme is not 
so clean; since they do not travel at light speed we can imagine overtaking 
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an electron and seeing its handedness change as we look back at it. Quan- 
tum mechanical effects mean that an electron that starts out left-handed 
will evolve a component of right-handedness, and vice versa. When the 
electron moves at speeds very close to the speed of light, however, we can 
reasonably talk about a particle that possesses a particular handedness. We 
call these states of particular handedness the chiral states of a fermion. 

Chirality 

We met the word “chiral” before, in the chapter on symmetry. It comes 
from the Greek word meaning “hand,” and it is used as a stem for many 
words in science. In botany, for example, the official name for the genus of 
fragrant wallflowers is cheiranthus — “hand flowers” — which comes from 
the custom of carrying these flowers in the hand as a bouquet. The stem 
appears in non-scientific contexts, too: chiromancy is divination by the 
hand — palm reading, in other words. In physics, chirality always has to do 
with whether something is left-handed or right-handed. 



An important, if surprising, law of nature is this: the weak bosons couple 
only to left-handed fermions (or their right-handed antiparticles). Thus any 
realistic theory of the weak interaction must be chiral. As mentioned ear- 
lier, the discovery of this law came as something of a shock to physicists. 
They had assumed that nature obeys the laws of mirror symmetry: they 
thought that if you swap the space coordinates in mirror-image fashion 
then physics would be unchanged. That is indeed the case for the strong 
and electromagnetic interactions; but if you look through the mirror of the 
weak interaction, you find that nature treats left and right quite differently. 
It favors the left. 

So the families of particles, as far as the weak interaction are concerned, 
are slightly different from what we might expect. The three lepton fami- 
lies that take part in weak interactions are (e, (/x, z/^) L , and (r, z/ r ) L , 

where the subscript denotes that these are left-handed states. The three 
quark families that take part in weak interactions are (u, d^L, (c, s 7 )l, and 
(t, b^L; again, the subscript denotes that these are left-handed quarks, and 
the primes denote that the quarks are mixtures of the physical states. 

All this is rather involved, but it is the only way to make sense of the 
mountain of data on weak interactions collated by physicists. And chirality 
turns out to be of crucial importance: ensuring that our low-energy the- 
ories of nature are chiral provides a tight constraint on scientists who wish 
to develop unified theories of physics. 
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Electroweak Unification and the Higgs 

A union in partition. 

William Shakespeare, A Midsummer Night’s Dream 

We understand the three fundamental interactions in terms of the exchange 
of bosons. This common underpinning of the theories leads to the hope 
of unifying the three interactions. In fact, the first step along this road was 
taken decades ago: the electromagnetic and weak interactions have been 
unified. 

The electromagnetic and weak interactions seem to be two very differ- 
ent beasts. Electromagnetism couples solely to electric charge, whereas the 
weak force affects all particles, including the electrically neutral neutrinos. 
Electromagnetism acts over long distances, whereas the weak force is negli- 
gible over distances larger than an atomic nucleus. Electromagnetism does 
not distinguish between left-handed and right-handed particles, whereas 
the weak force is chiral. There are other differences, too. Nevertheless, 
physicists long ago recognized that there are deep theoretical links between 
the two interactions. In fact, as long ago as 1961 the American physicist 
Sheldon Glashow — building on even earlier work by his thesis advisor 
Julian Schwinger, one of the founders of QED — showed how we could 
consider the two forces to be merely different aspects of a single electroweak 
interaction. 

Glashow started with the idea of local gauge symmetry, which had 
proved so successful for QED. To unify electromagnetism with the weak 
interaction, we need to identify the appropriate “charges” of the combined 
interaction which, when gauged, will lead us to a quantum field theory of 
the interaction. 

Consider first, then, a left-handed doublet of particles upon which the 
weak interaction can act. For example, it could be (e, z/ e ) L — the electron 
and its neutrino. (We could equally choose any of the other five doublets.) 
We should be able to “swap” these particles at any spacetime point and find 
that the world is unchanged under this transformation, so long as a suitable 
gauge boson takes part in the process. This is similar to the way we can 
“swap” a red quark for a blue quark so long as a gluon takes part in the 
process. 

The mathematics of a transformation in which two objects can be ro- 
tated into each other is described by the symmetry group SU(2). In this 
particular case, we can call the symmetry group SU(2) L , where the sub- 
script reminds us that we are dealing only with left-handed particles. The 
quantity being “rotated” here in the weak interaction is something called 
weak isospin. We can think of this quantity as being an arrow associated 
with a pair of particles. In the case of the (e, i/ c )l doublet, if the arrow 
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The Group SU(2) 



The group SU(2) can be used to describe the rotation of two objects into 
each other. For example, it can be used to describe a spin-V2 particle in 
quantum mechanics: the spin can point either up or down the z axis, and 
thus SU(2) is appropriate. The same group can also be used to describe 
isospin , which was an important concept in the early days of the study of 
the strong interaction. The proton and neutron were thought to be two 
different isospin states of an entity called the nucleon; if the isospin was 
up then the nucleon was a proton, and if the isospin was down then the 
nucleon was a neutron. (This is the origin of the names of the up and down 
quarks.) Isospin has nothing to do with spin, but the same mathematical 
structure — described by SU(2) — is appropriate. For the weak interaction, 
we have weak isospin. (Weak isospin has little to do with either spin or 
isospin, but the reader will have gathered by now that physicists are often 
la2y when it comes to nomenclature.) The point is that the underlying 
mathematics are the same in all three cases, and the transformation on the 
left-handed doublet of particles can be described by the SU(2) group. 



points up, say, then the particle might be an electron, while if it points 
down then the particle would be a neutrino. We are free to change the 
direction of the arrow from point to point, so long as a messenger particle 

— a gauge boson — conveys the information about the choice made. 

We also need to consider a quantity called weak hypercharge , symbolized 
by Y, which is simply related to electric charge. The leptons and quarks 
all possess a value for the hypercharge; a right-handed tau has Y = —2, for 
example, whereas a right-handed neutrino has Y = 0. We can change the 
value of hypercharge from point to point, so long as a messenger particle 

— a gauge boson — conveys the information about the choice made. The 
symmetry group of a phase rotation of hypercharge is U(l)y, where the 
subscript reminds us that we are not talking about the usual U(l) of elec- 
tromagnetism. Again, the mathematics of charge and hypercharge is the 
same, but the physical meaning is slightly different. 

Glashow studied a local gauge theory based on the product of these two 
groups: SU(2)l X U(l)y. As mentioned earlier, a local gauge symmetry de- 
mands the existence of massless gauge bosons. The SU(2) is responsible for 
three such bosons — call them W + , W“, and W°. The U(l) is responsible 
for another — call it B°. The rules of the quantum mechanical world allow 
the W° and B° bosons to mix to form two different massless bosons — 
call them Z° and 7. (The amount of mixing is determined by a number 
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called the “weak mixing angle” — which is another of those important 
numbers in the Standard Model that must be measured experimentally and 
fed back into the theory.) So the SU(2 )l X U(l)y theory has four massless 
gauge bosons called W + , W”, Z°, and 7 . But it is not just that we can call 
these bosons by familiar names; for this particular choice of symmetry — 
local symmetry under weak isospin and weak hypercharge — we really can 
identify the four gauge bosons as the three weak interaction bosons and the 
photon. In other words, the SU(2) L X U(l)y symmetry provides us with 
an integrated theory of electromagnetic and weak interactions! Because 
there are two separate groups there are two different coupling constants 
corresponding to the two different interactions; so there is not complete 
unification in terms of coupling strengths. But we do have a unified frame- 
work for describing the two interactions; we have a single interaction that 
manifests itself in two ways. 

This was perhaps the most important advance in the path towards the 
unification of forces since 1865, when James Clerk Maxwell began pub- 
lishing work showing that electricity and magnetism are merely different 
aspects of a single electromagnetic force. Or at least it would have been, 
were it not for a glaring problem with Glashow s idea: all the gauge bosons 
in his theory are massless. The photon is indeed massless, but Glashow 
himself knew that the other three mediators had to be extremely massive in 
order to explain the short range of the weak interaction. Glashow had no 
explanation for why the photon alone should remain massless; he simply 
remarked that “it is a stumbling block we must overlook.” 

The underlying trouble with Glashow s idea is symmetry — there is too 
much of it. The SU(2)l X U(l)y symmetry, if it holds exactly, demands 
that all the bosons have zero mass. This does not reflect the world as we see 
it. But in 1967, Abdus Salam and Steven Weinberg independently showed 
how the theory could retain its beautiful symmetry at a deep level and still 
give rise to massive weak gauge bosons. Their idea was that the symmetry 
of the theory is broken spontaneously — “spontaneously” meaning that 
the symmetry breaking occurs naturally. 

There is nothing mysterious about spontaneous symmetry breaking. 
There are many examples in physics. Hold a drinking straw between the 
palms of your hands and you have a physical system that can be described by 
equations possessing rotational symmetry. Press your palms together and the 
straw bends. The symmetry is broken. You cannot necessarily predict how 
the straw will bend; it could bend “up,” “down,” “sideways,” or in any other 
direction. This unsymmetrical situation, however, is the stable solution of 
perfectly symmetrical equations. Or consider an example we looked at in 
an earlier chapter: water. A pail of water has a high level of rotational 
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FIGURE 50 Abdus Salam (left) and Steven Weinberg showed how the mechanism of spontaneous 
symmetry breaking could give mass to the weak gauge bosons whilst keeping the photon massless. They 
showed how Glashow’s proposal for electroweak unification could be made to work. All three men shared 
the 1979 Nobel prize for physics. 



symmetry — it looks the same from whatever angle we view it. But if we 
cool the water so that it freezes — if, in the jargon of physics, it undergoes 
a phase transition — then this rotational symmetry is broken, because ice 
has a crystalline structure. Ice looks different when viewed from different 
angles. This is an important point: whenever a physical system undergoes a 
phase transition, the symmetries of the system can be broken. Perhaps the 
best example of spontaneous symmetry breaking involves magnetism. A 
ferromagnet is just a collection of interacting ions, tiny little magnets that 
point in all directions. The equation giving the total energy is rotationally 
invariant; the magnetic domains can point in any direction and so there is 
no net magnetic field. But it turns out that the lowest energy state of the 
ferromagnet has all the magnetic domains pointing in the same direction: 
rotational symmetry is spontaneously broken. If you heat the ferromagnet 
above some critical temperature, so that the magnetic domains jiggle about, 
then the ferromagnet undergoes a phase transition; it loses its magnetism 
and symmetry is restored. Cool it again, below the critical temperature, and 
the symmetry breaks; all the domains point in one direction (the precise 
direction is random, an accident of history) and the ferromagnet is once 
more magnetic. 

Salam and Weinberg introduced the Higgs field into the Standard Model 
as a mechanism for inducing spontaneous symmetry breaking. (The field 
is named after the British physicist Peter Higgs, who was among the first 
to work on the problems of symmetry breaking in physics. Other people 
who studied similar details of symmetry breaking in field theory around 
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FIGURE 51 Left: Above a critical temperature , the magnetic domains in a ferromagnet all point in 
different directions. In this rotationally symmetrical system there is no net magnetic field. Right: Once 
the temperature drops below the critical value, the magnetic domains all point in the same direction. The 
rotational symmetry is broken and a magnetic field appears. The particular direction of the field is random: 
suppose you reheat the ferromagnet above the critical temperature, so that the magnetic field disappears, and 
then cool it again — the magnetic field will point in some other direction. 



the same time include Robert Brout and Francois Englert in Belgium, 
and, even earlier, Philip Anderson in America.) 

The Higgs field, if it exists, permeates all of space and couples to all fun- 
damental particles. It is the coupling of the Higgs field to the gauge bosons 
of Glashows electroweak theory that gives the W and Z particles their 
masses. Recall from our earlier discussions that a massless spin-1 boson can 
have only two degrees of freedom, the two transverse polarizations. A mas- 
sive spin-1 boson has three degrees of freedom: a longitudinal polarization 
in addition to the two transverse polarizations. The Higgs mechanism pro- 
poses that there is a field with^owr physical polarizations permeating space. 
When the W + interacts with the field it “eats” one of the polarizations 
and become massive as a result; the W“ “eats” another of the polarizations 
and also becomes massive; the Z° “eats” a third and it too becomes mas- 
sive. The photon, which declines to partake in this feast, remains massless. 
And the original field? This is left with just one polarization — it is a 
scalar boson (that is, a spin-0 boson). This is the so-called Higgs boson 
(symbol h). 

This is a subtle concept, so it bears repeating. The electroweak theory 
has an SU(2) L X U(l)y symmetry, with four massless gauge bosons. When 
these bosons interact with the Higgs field, a field that fills our Universe, the 
symmetry breaks. Three of the bosons (W + , W“, and Z°) acquire mass; 
the fourth boson (7) remains massless; and there is a massive scalar boson 
(h) left over. 

It turns out that the Higgs mechanism can give masses to all the fun- 
damental fermions. As a quark or lepton moves through space, it interacts 
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FIGURE 52 Peter Higgs is 
an emeritus professor of theoretical 
physics at Edinburgh University. 
He has won many honors for his 
work on field theory including, 
with Robert Brout and Francois 
Englert, the 2004 Wolf prize. 
(After the Nobel prize, the Wolf 
prize is often thought to be the 
most prestigious award in 
physics.) 



with the Higgs field; the field becomes distorted in the vicinity of the par- 
ticle. It is this distortion that causes the particle to have mass. (Figure 53 
is a cartoon illustration of this mechanism, inspired by David Miller.) It is 
sometimes said, therefore, that the fact that matter possesses mass can be 
explained by the Higgs mechanism. Things are slightly more complicated 
than this saying suggests: as we have seen, the mass of the proton, say, is due 
mainly to the energy that binds the quarks together rather than the sum of 
the quark masses. But the fundamental particle masses are due to the Higgs 
mechanism, so in this sense the saying is correct. 

So by 1967, physicists had a unified electroweak theory. In 1971, the 
Dutch theoretician Gerardus ’t Hooft showed that the theory was renor- 
malizable. Just as with QED, the infinities can be made to go away, and the 
theory gives you well-defined answers to your questions. The electroweak 
theory was here to stay. 

The success of the electroweak theory, combined with the success of 
QCD, meant that the Standard Model was quickly established as our best 
theory of the microworld. The Standard Model of course actually consists 
of two distinct theories, but both of them are based on the ideas of local 
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FIGURE 53 In 1993, the British Minister for Science challenged physicists to describe the Higgs 
mechanism on one sheet of A4 paper. David Miller won with a political analogy; the cartoon here is a 
physics version. Physicists at a social gathering are uniformly spread throughout a room, happily chatting 
to their nearest neighbor. Einstein enters and tries to walk across the room. Physicists in his vicinity, eager 
to talk to their hero, crowd around him and impede his progress; only after he has passed do they return to 
their original spacing. It is as if he has gained mass. (In Miller’s version, Margaret Thatcher visits a cocktail 
party thrown by Conservative Party members.) Analogously, fundamental particles interact with the Higgs 
field that permeates space; the local distortions of the Higgs field gives rise to the particle masses. 
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gauge symmetry. The strong interaction, described by QCD, is based upon 
the gauge group SU(3)c, while the electroweak interaction is based upon 
SU(2 ) l X U(l)y. Thus many physicists often refer to the Standard Model 
simply as SU(3) X SU(2) X U(l). 



The achievement of Glashow, Salam, and Weinberg is on a par with 
Maxwell s unification of the electric and magnetic forces. The achieve- 
ment is at the cost of introducing one more fundamental particle into the 
Standard Model: the scalar Higgs boson. At the time of writing, the Higgs 
boson has not yet been observed in experiment. It is a missing link, the 
only piece of the Standard Model that awaits experimental verification. 

FIGURE 54 The 
Higgs particle has not 
yet been observed , but 
by now physicists 
have a good idea of 
where they should 
look to find it. This 
computer simulation 
shows what Higgs 
production might look 
like at the Large 
Hadron Collider. 

Here two high-energy 
protons have collided 
to produce a Higgs 
boson , which then 
decays into four 
muons. Such an event 
might be seen in the 
CMS detector. 




The Mass of the Higgs 

There are tantalizing hints that the LEP machine at CERN saw the Higgs 
in 2000, but this has not been confirmed. We do know, from LEP and 
similar machines, that the mass of the Higgs must be greater than 114 GeV. 
We also know that the Higgs cannot be more massive than about 250 GeV. 
When it comes on line in 2007, the Large Hadron Collider will certainly 
have the energy to discover the Higgs boson — if the particle exists. 
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